EEG-based monitoring during general anaesthesia and sedation studies on cardiac surgery and status epilepticus patients by Musialowicz, Tadeusz
Publications of the University of Eastern Finland
Dissertations in Health Sciences
isbn 978-952-61-1006-6
Publications of the University of Eastern Finland
Dissertations in Health Sciences
d
issertatio
n
s | 149 | T
a
d
eu
sz M
u
sia
lo
w
icz | E
E
G
-based M
onitorin
g durin
g G
en
eral A
n
aesth
esia an
d S
edation
 
Tadeusz Musialowicz
EEG-based Monitoring 
during General Anaesthesia 
and Sedation
Studies on Cardiac Surgery 
and Status Epilepticus Patients
Tadeusz Musialowicz
EEG-based Monitoring during 
General Anaesthesia and Sedation
Studies on Cardiac Surgery and Status Epilepticus 
Patients
The use of anaesthetic agents 
during general anaesthesia 
and sedation in the intensive 
care unit induce changes in 
patient’s electroencephalographic 
(EEG) waveforms of the brain 
cortex.  The utility of EEG-based 
neuromonitoring during general 
anaesthesia for patients undergoing 
cardiac surgery and postoperative 
sedation and during the treatment 
of status epilepticus in the intensive 
care unit was evaluated in this 
study. The dissertation provides new 
information about the differences 
between EEG-based monitoring 
techniques and their feasibility to 
assess hypnosis  in cardiac surgery 
and in intensive care settings.  
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ABSTRACT  
 
The aim of this study was to evaluate and compare the utility of different EEG-based 
neuromonitoring methods during general anaesthesia for cardiac surgery and sedation in 
the ICU. In study I, midlatency auditory-evoked potentials (MLAEPs) were evaluated as a 
measure of the sedation level in cardiac surgery patients during postoperative sedation. 
The purpose of this study was to evaluate whether graded changes in sedation induced by 
pre- and postoperative sedative drugs can be detected by any of the components of 
MLAEPs. The latency of the Nb component increased significantly after premedication and 
during deep and moderate sedation, and remained increased the day after surgery. The Na-
Pa amplitude was decreased during deep sedation compared with baseline and moderate 
sedation. In study II, MLAEPs were evaluated in cardiac surgery patients when anaesthesia 
was guided with the aid of the bispectral index (BIS). It was tested whether the parameters 
derived from EEG indicate similar states of anaesthesia with the two different anaesthesia 
techniques. At similar BIS levels, the latency of the Nb component of MLAEPs was 
significantly increased after intubation, and both the Nb and Pa component was 
significantly increased after sternotomy in the patients anaesthetised with isoflurane 
compared with propofol. Our results suggest that the parallel use of these two methods can 
show differences in the components of anaesthesia. In study III, the feasibility of the BIS 
index to assess the EEG burst suppression pattern during anaesthesia for refractory status 
epilepticus (RSE) in the ICU was evaluated. An excellent correlation was found between the 
BIS index and bursts per minute in the raw EEG. BIS monitoring represents a useful 
alternative for titration of an anaesthetic agent to reach sufficient suppression in the EEG. In 
study IV, state entropy (SE) values were compared with the BIS index in patients 
undergoing general anaesthesia for cardiac surgery. Response entropy (RE) as a predictor 
for surgical noxious stimulation was also evaluated. A poor agreement between SE and BIS 
index values was found, but RE was a good predictor of arousal after surgical stimulation. 
In conclusion, in EEG-based monitoring for the assessment of hypnosis during cardiac 
surgery, different indices show poor agreement (BIS vs. SE) and indicate different 
components of anaesthesia (MLAEP vs. BIS). In the ICU settings, EEG-based methods can 
be used to titrate various levels of sedation and to monitor the response to RSE treatment.  
National Library of Medical Classification: QU 34, WG 169, WL 150, WL 385, WO 200, WO 275, WV 270 
Medical Subject Headings: Anesthesia, General; Consciousness Monitors; Conscious Sedation; Deep Sedation; 
Electroencephalography; Entropy; Evoked Potentials, Auditory; Cardiac Surgical Procedures; Intensive Care 
Units; Status Epilepticus 
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TIIVISTELMÄ 
 
Tämän väitöskirjatyön tavoitteena oli arvioida ja verrata eri EEG-perusteisten mittareiden 
käyttökelpoisuutta sydänanestesian ja tehohoidon sedaation aikana. Ensimmäisessä 
osatyössä tutkittiin keskilatenttisia kuuloherätevasteita postoperatiivisessa sedaation asteen 
arvioinnissa sepelvaltimo-ohitusleikkauspotilaalla. Tutkimuksen tarkoituksena oli todeta, 
pystyykö kuuloherätevasteiden eri kompononttien avulla arvioimaan sedaation eri vaiheita 
ja sedaatiivisten lääkkeiden vaikutuksia ennen leikkausta ja sen jälkeen. 
Kuuloherätevasteiden Nb-komponentin latenssi piteni esilääkitysten jälkeen, syvässä ja 
kohtalaisessa sedaatiossa ja leikkauksen jälkeen seuraavana päivänä. Na-Pa komponentin 
amplitudi oli pienempi syvässä sedaatiossa kuin leikkausta edeltävänä päivänä ja 
kohtalaisessa sedaatiossa. Toisessa osatyössä tutkittiin keskilatenttisia kuuloherätevasteita 
sepelvaltimo-ohitusleikkauspotilaalla, kun anestesian syvyyttä ohjattiin bispektraali (BIS) 
indeksin avulla käyttäen kahta eri anestesiamenetelmä. Tutkimuksen tarkoitus oli selvittää, 
kuvastavatko kaksi eri EEG:hen pohjatuvaa anestesian komponentteja monitoroivaa 
menetelmää anestesian tilaa samalla tavalla sydänleikkauksen eri vaiheessa mitattuna. Kun 
BIS-indeksi oli samalla tasolla molemmissa anestesiaryhmissä, Nb- ja Pa latenssit erosivat 
ryhmien välillä kipuärsytyksen jälkeen. Tulokset viittaavat siihen, että BIS mittaa 
anestesian hypnoottista komponenttia, kun taas herätepotentiaalit kuvastavat anestesian 
hypnoottisen ja analgeettisen komponentin välistä tasapainoa. Kolmannessa osatyössä 
tutkittiin BIS-monitorin soveltuvuutta tunnistaa purskevaimentuma status epileptikuksen 
hoidossa anestesian aikana. Sekä BIS indeksi että BIS-supressiosuhde korreloivat hyvin 
EEG:n purskevaimentuman kanssa. BIS- monitoroinnin avulla voidaan ohjata anestesia-
aineiden annostelua ylläpitämään purskevaimentuma status epileptikuksen hoidossa. 
Neljännen osatyön tarkoituksena oli verrata BIS- ja entropiamonitorin indeksien 
yhtäpitävyyttä ja korrelaatiota sydänleikkauksen anestesian yhteydessä. Samalla tutkittiin, 
onko vaste-entropia (Response entropy, RE) parempi kirurgisen stimulaation indikaattori 
kuin BIS, otsalihasten elektromyografia (EMG) tai hemodynaamiset vasteet. Tase-entropia 
(State entropy, SE) ja RE korreloivat hyvin BIS:n kanssa verrattaessa koko anestesian 
aikaista keskiarvoa, mutta leikkauksen eri vaiheissa SE:n ja BIS:n välillä oli huomattavia 
eroja. RE oli hyvä nosiseption indikaattori kirurgisen stimulaation jälkeen. Johtopäätöksenä 
voidaan todeta, että eri EEG:hen perustuvat anestesian mittarit eroavat kyvyssä kuvastaa 
anestesian eri komponentteja. Tehohoidossa näitä sedaation mittareita voidaan käyttää 
sedaation asteen säätelyssä ja status epileptikuspotilaan anestesian seurannassa. 
 
Yleinen Suomalainen asiasanasto: EEG; monitorointi; nukutus; sedaatio; tehohoito; epilepsia; sydänkirurgia 
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 1 Introduction 
General surgical anaesthesia is defined as a state of reversible unconsciousness with 
amnesia, analgesia, and immobilisation of the patient caused by intravenous and inhalation 
anaesthetic drugs (John and Prichep 2005, Apfelbaum et al. 2006). The depth of general 
anaesthesia was traditionally assessed by haemodynamic signs like tachycardia and 
hypertension, and autonomic signs like motor response, lacrimation, and changes in 
respiratory frequency, and pupil size (Guedel 1937, Thornton and Jones 1993), which do not 
correlate well with a patient’s level of consciousness (Moerman et al. 1993, Domino et al. 
1999). Electroencephalogram (EEG) patterns are known to change with the patient’s depth 
of sedation and his or her overall anaesthesia level (Gibs et al. 1937, Martin et al. 1959). 
Different anaesthetics induce different changes in the EEG pattern (Yli-Hankala 1990a), and 
this disparity restricts the clinicians’ use of a raw EEG in their assessment of the depth of 
anaesthesia (Thornton 1991). Assessing the level of anaesthesia with only raw EEG is 
difficult, because visual interpretation of the EEG signal requires neurophysiological 
knowledge. Moreover, most clinicians are unfamiliar with the task (Barnard et al. 2007). 
Thus, the processed automatic EEG-based monitoring of hypnosis with use of algorithms to 
analyse the EEG signal has been under active development in the past decades.  
   Auditory evoked potentials (AEPs) reflect the response in the EEG to auditory 
stimulation, usually as a click through headphones. The auditory sensory mechanism is 
reported to be the last to disappear during the induction of anaesthesia and the first to 
recover during the return of consciousness (Jones and Konieczko 1986). Because the 
brainstem auditory evoked potentials (BAEPs) mainly remain unaffected by intravenous 
anaesthetic agents (Savoia et al. 1988), the relation between midlatency auditory evoked 
potentials (MLAEPs) and the depth of anaesthesia has been under active research 
(Thornton et al. 1983, 1984, 1985, 1989a, De Beer et al. 1996a). The decrease of the 
amplitudes and increase in the latencies as a linear manner with increasing concentration of 
volatile and intravenous anaesthetics has been reported (Thornton 1991).  
   The bispectral index scale (BIS) was the first commercially available anaesthesia depth 
monitor used in clinical practice as a measure of the pharmacodynamic anaesthetic effect 
on the central nervous system (CNS) (Sigl and Chamoun 1994, Glass et al. 1997, Johansen 
2006). The algorithm used to generate the BIS is proprietary of Covidien and not freely 
available, but the basic principles have been described (Rampil 1998a, Bruhn et al. 2000). 
During moderate sedation and light anaesthetic states, the BIS index is calculated from the 
thesia, it is calculated from the SyncFastSlow 
algorithm. Finally, it is calculated from the Burst Suppression Ratio/Quazi-algorithm 
during very deep anaesthesia levels (Rampil 1998a). The BIS monitor also analyses the 
suppression ratio (SR), which represents the percentage of the previous 63-second epoch of 
BetaRatio algorithm. During surgical anaes
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EEG that is isoelectric. Electromyography (EMG) of forehead muscle activity and signal 
quality analyses are also incorporated. The BIS monitor provides a BIS index between zero 
(indicating that the patient is under deep anaesthesia and isoelectric EEG) and 100, 
indicating that the patient is fully awake. The BIS index during surgical anaesthesia should 
be between 40 and 60 (Glass et al. 1997, Sebel et al. 1997). The BIS index monitor was first 
clinically validated with volatile anaesthetics and intravenous anaesthetics (Glass et al. 
1997). The use of a BIS index monitor to assess the level of consciousness reduces the 
amount of anaesthetics used (Gan et al. 1997, Yli-Hankala et al. 1999), patient recovery time 
(Gan et al. 1997, White at al. 2004), patient discharge time from the hospital (Gan et al. 
1997), and the incidence of awareness during general anaesthesia (Ekman et al. 2004, Myles 
et al. 2004). 
   The spectral entropy monitor is the most recent development in the field of monitoring 
hypnosis during general anaesthesia. The research work and validation of the spectral 
entropy technology was done in Finland. The spectral entropy algorithm is a mathematical 
calculation of the irregularity of an EEG signal (Viertiö-Oja et al. 2004, Vakkuri et al. 2004). 
In the new entropy monitor, two parameters are calculated: state entropy (SE) and response 
entropy (RE). The SE reflects the hypnotic level of anaesthesia and the patient’s brain 
cortical activity and is computed within an EEG range of 0.8 to 32 Hz. RE includes EEG and 
EMG components calculated within an EEG range of 0.8 to 47 HZ. RE also reflects forehead 
muscle activity. EMG activity indicates that the patient is responding to external stimuli 
(Vakkuri et al. 2004 and 2005). The BIS and spectral entropy monitors use a different 
algorithm for the EEG-analysis, but the information about the level of hypnosis should be 
near each other in levels above 60 and below 40 and almost equal between recommended 
range for surgical anaesthesia (40 – 60) (Vakkuri et al. 2005, Leffol-Masson et al. 2007). The 
clinical research comparing the monitors’ indices in the same patient during general 
anaesthesia is important for understanding the differences between monitors in daily 
clinical practice (Vakkuri et al. 2004, Vanluchene et al. 2004).  
   The use of this brain monitoring technology for measuring anaesthesia during cardiac 
surgery is challenging, because special characteristics, such as cardiopulmonary bypass 
(CPB) and hypothermia, generate changes in the EEG as well as in EEG-based monitoring 
(Bashein et al. 1992, Edmonds et al. 1996, Doi et al. 1997a, Mathew et al. 2001). Cardiac 
surgery also requires the use of CPB, in which blood pressure and heart rate as indicators of 
anaesthesia depth are absent (Kertai et al. 2012). The use of drugs for hypertension and β 
blockers and the intraoperative use of vasoactive drugs in this group of patients can mask 
the haemodynamic signs of inadequate anaesthesia and is potentially a confounding factor 
(Kertai et al. 2012). The objective monitoring of the depth of anaesthesia with EEG-based 
devices is vital, because every patient differs in requirements of sufficient dosage of 
anaesthetic agents. Young and healthy patients, who usually possess a relatively large 
therapeutic window, need more anaesthetic agents than older cardiac surgery patients who 
possess comorbidities.  
    
3 
 
 
   The intensive care unit (ICU) environment, artificial ventilation, and invasive monitoring 
are very stressful for patients, and proper sedation is essential to reduce patient anxiety 
(Hansen–Flaschen et al. 1991, Nasraway et al. 2002a, Jacobi et al. 2002). The goal of ICU 
sedation is a tranquil, co-operative patient, who requires usually a light state of sedation 
(Shapiro et al. 1995). Too deep sedation is associated with cardio-respiratory depression, 
prolonged recovery-time, delayed extubation, and even a prolonged stay in the ICU with 
increased costs (Brook et al. 1999, Ostermann et al. 2000, Kress et al. 2000). In their daily 
practice, clinicians assess the level of sedation by using subjective scoring systems, such as 
the Ramsay Score (RS), Sedation-Agitation Scale (SAS), or Richmond Agitation-Sedation 
Scale (RASS), all of which classify the patient’s response to a command or painful stimulus 
(De Jonghe et al. 2000, Ostermann et al. 2000, Payen et al. 2007)). However, the predictive 
value of sedation scales is limited due to many confounding factors, such as motor deficit, 
altered states of consciousness, and inter-rater variation in interpretation. These limitations 
call for new tools using objective EEG-based monitoring of sedation levels. In spite of active 
clinical research in this field, there exists no validated EEG-based monitor for sedation 
assessment in ICU settings. On the other hand, in some specific situations during ICU 
treatment, like in the treatment of refractory status epilepticus (RSE), deep anaesthesia (to 
the point of instigating a burst suppression pattern in the EEG) is required to stop electrical 
activity in the brain (Meierkord et al. 2006). Continuous EEG monitoring during treatment 
of status epilepticus is essential to guide the depth of anaesthesia. Unfortunately, it is not 
always available.  
   The aim of this study was to evaluate the utility of EEG-based neuromonitoring during 
general anaesthesia for patients undergoing cardiac surgery, postoperative ICU sedation 
and during the treatment of status epilepticus in the ICU. It was evaluated by comparing 
the information from AEP to the information from BIS (study II) and by comparing the 
information from the spectral entropy to the BIS (study IV) during cardiac surgery with 
CPB. In the two other studies, the AEP was evaluated during short-duration postoperative 
sedation after cardiac surgery (study I), and the utility of the BIS during deep anaesthesia 
for the treatment of a refractory status epilepticus in the ICU (study III).  
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2 Review of the literature 
2.1 MECHANISM OF GENERAL ANAESTHESIA 
2.1.1 Physiological sleep versus anaesthesia    
General anaesthesia is a reversible state of unconsciousness and insusceptibility to pain that 
a clinician produces within a patient by administrating inhalation or intravenous 
anaesthetic and analgesic agents to the patient (Campagna et al. 2003, Brown et al. 2010). 
Anaesthesia provides loss of consciousness, analgesia, and patient immobility. Balanced 
general anaesthesia consists of three components: hypnosis, analgesia, and muscle 
relaxation. During adequate general anaesthesia, all three components are in balance. 
Hypnosis causes lack of awareness and amnesia, and analgesia induces antinociception and 
autonomic stability. Both of them are relevant to the anaesthetic and analgesic drugs action 
on the CNS. In spite of active scientific research, the medical field possesses no exact 
knowledge regarding the action of general anaesthetics on the human brain (John and 
Prichep 2005). To acquire a better understanding of the state of anaesthesia, we should 
know the differences between normal physiological sleep, anaesthesia, and the comatose 
state caused by brain injury. Sleep is a state of decreased arousal that cycles at 90-minute 
intervals between two states: rapid-eye-movement (REM) sleep and non-REM sleep. The 
differences between physiological sleep and anaesthesia appear in Table 1 (Brown et al. 
2010).  
 
Table 1. Differences between normal sleep and general anaesthesia. 
Sleep                                                                                     Anaesthesia 
Endogenously generated                                               Drug induced 
Onset and duration are disrupted by                                    Onset and duration depend 
stress and environment factors                                            on drug dose 
Rhythmic cycling between wake                                           State varies with dose 
and sleep stages 
Arousal threshold (non-REM vs. REM)                                   Arousal threshold suppressed 
Role in memory consolidation                                               Amnesia  
Return to wakefulness in minutes                                         Return to wakefulness in hours 
No “side effect”                                                                   Semiconscious, nausea 
Metabolic rate low in non-REM and                                        Decrease in metabolic rate 
increased in REM phase  
 
   
 
 
5 
 
 
2.1.2. Central nervous system during anaesthesia      
During the preoperative visit, the anaesthesiologist usually discusses with patients about 
“being put to sleep” instead of coma, but in fact, general anaesthesia is a reversible drug-
induced coma (Brown et al. 2010). During the deep coma state, patient responsiveness to 
pain stimulation disappears, just as it disappears during surgical anaesthesia. The EEG 
pattern during a deep coma is also similar to the EEG pattern that appears during deep 
anaesthesia with high-amplitude, low frequency activity (Young 2000). The anatomical 
structures that are directly involved in human consciousness include the peripheral 
sensors, ascending sensory pathway, thalamus, ascending reticular activating system, 
reticular nucleus, and functional cortical regions (Bonhomme and Hans 2004). There is no 
single “anaesthesia centre” in the brain. Anaesthesia causes global reduction in cerebral 
blood flow (CBF) and brain metabolism, and these causes arise from the hyperpolarisation 
of neuronal pathways to the cortex. During a positron emission tomography (PET) study by 
Kaisti et al. (2002), propofol and sevoflurane induced the global reduction in CBF. Both 
anaesthetic agents reduced relative CBF in the cuneus, precuneus, posterior limbic system, 
and the thalamus or midbrain; additionally, propofol reduced relative CBF in the parietal 
and frontal cortex. In another PET study by Schlüzen et al. (2010), sevoflurane caused a 
global whole-brain metabolic reduction of the glucose metabolic rate (GMR) in all regions 
of the human brain, with the most marked metabolic suppression in the lingual gyrus, 
thalamus, and occipital lobe. During the PET study by Jeong et al. (2006), propofol 
suppressed the GMR of the neocortex area more than did sevoflurane and sevoflurane 
suppressed the GMR of the paleocortex and telencephalon more than did propofol. Thus, 
the different anaesthetic agents (i.e., intravenous and volatile) offer different mechanisms of 
action on the brain structure.   
   In the unique study by Långsjö et al. (2012) the changes in the level of consciousness and 
regional CBF was visualising by PET scanning, using two different anaesthetic drugs 
(dexmedetomidine and propofol). During the emergency of consciousness the activation of 
a core network in the subcortical and limbic regions, localised in deep, phylogenetically old 
brain structures were noticed in PET scanning. The result of this study suggests that the 
neural network of conscious state involves not only the neocortex, but also deep parts of the 
brain.  Consciousness is complex concept and has two main components: awareness of 
environment and of self (content of consciousness) and wakefulness (the level of 
consciousness). The figure 1 shows the simplified illustration of components of 
consciouseness and them relations to anaesthesia, coma and vegetative state (Laureys 2005). 
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  Figure 1. Simplified illustration of the two major components of consciousness: the level of 
consciousness (i.e. wakefulness or arousal) and the content of consciousness (i.e. awareness or 
experience). Reprinted with permission from Laureys S. Trends Cogn Sci 2005;9:556-559. 
Copyright by Elsevier. 
    Anaesthetics also act in the different parts of brain structure producing amnesia, 
unconsciousness, and immobilisation. Anaesthetics produce unconsciousness by blocking 
the activity of the thalamocortical system (John and Prichep 2005). The amnestic effect of 
anaesthesia probably comes from anaesthesia’s blocking of the dorsalolateral prefrontal 
cortex (John and Prichep 2005). The anaesthetic dose required for patients’ loss of 
consciousness (LOC) and amnesia is not enough to achieve patients’ immobility during 
surgical stimulation (Chortkoff et al. 1995, Campagna et al. 2003). In everyday clinical 
practice, anaesthesiologists see patients in a deep level of hypnosis who nevertheless move 
their voluntary muscles in reaction to pain stimulation. The thalamus and cerebral cortex 
are more sensitive to anaesthetic agents than is the spinal cord, in which motor response is 
blocked (Campagna et al. 2003). As a result, a higher concentration of anaesthetic is 
required for immobilisation. The volatile anaesthetics also depress the spinal cord and 
assure better immobilisation than do intravenous anaesthetics (Campagna et al. 2003). In a 
high blood concentration, anaesthetics do not act specifically and instead depress a wide 
variety of neuronal receptors. However, at clinical concentrations, they are more specific to 
one receptor side. On the molecular level, the presence of postsynaptic inhibitory ligand-
gated ion channels is a potential side effect of anaesthetic drug action. The inhibitory 
synaptic receptors, i.e. gamma-aminobutric acid subtype A (GABAA), are the site of action 
for propofol and volatile anaesthetics (John and Prichep 2005). Volatile anaesthetics also 
suppress the serotonin, acetylcholine, and glutamate receptors (Campagna et al. 2005). 
Nitrous oxide and ketamine act upon the CNS differently than do other anaesthetics and 
induce different changes in the EEG (Yli-Hankala 1990a, Yli-Hankala et al. 1993). Table 2 
shows the CNS receptors involved during general anaesthesia.  
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Table 2. The CNS neurotransmitters and receptors affected during general anaesthesia (John 
and Prichep 2005). 
 gamma-aminobutric acid subtype A (GABAA) 
 alfa-amino-3-hydroxy-5-methyl-4-isoxa-zole propionis acid  
       (AMPA) receptors 
 glycene receptors 
 serotonin type 2 (5-HT2a) receptors 
 N-methyl-D-asparate (NMDA) receptors 
 sodium channels 
 potasium channels 
 alfa2 adrenoreceptors 
 acetylcholine receptors  
 glutamate receptors 
 
   Unconsciousness and amnesia during general anaesthesia are brain cortical structure 
phenomena. Antinociception, patients’ immobility, and patients’ autonomic stability are 
subcortical components (Jameson and Sloan 2006), but emergency of consciousness is also 
associated with activation of subcortical structure of brain (Långsjö et al. 2012). In the 
unique study (Velly et al. 2007) of propofol and sevoflurane dynamic action on the brain 
structure the cortical and subcortical (deep brain electrodes), EEG was registered during 
general anaesthesia with propofol and sevoflurane. Cortical EEG was depressed 
dramatically during LOC, but not the subcortical EEG. Therefore, the subcortical EEG 
values were able to predict the patient’s movement in response to surgical stimulation.  
2.2 LEVELS OF ANAESTHESIA 
EEG measures the neuronal electrical activity of brain cortex cells from the scalp of skull. 
The EEG electrodes are used according the international 10-20 system. The EEG tracks 
typical frequency waves with amplitudes and latencies divided to five frequency bands 
(Gugino and Yli-Hankala 2004):  
 Delta (δ) frequency range 1.5-3.5 Hz  
 Theta (θ) 3.6-7.5 Hz 
 Alpha (α) 7.6-12.5 Hz  
 Beta (β) 12.6-25 Hz 
 Gamma (γ) 25.1-50 Hz  
The entry of sedative drugs and anaesthetics into the patient’s bloodstream changes the 
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EEG patterns that are dependent on drug concentration levels in the plasma.  
   The duration of anaesthesia can be divided into the three periods: induction, 
maintenance, and emergency (Brown et al. 2010). In each period, we can notice different 
clinical signs as well as EEG patterns. When a patient wakes with closed eyes before 
induction, the active EEG with alpha activity (10 Hz) dominates. After administration of a 
small amount of anaesthetic, the patient is sedated yet easily aroused. When we increase 
the dose of the drugs, the paradoxical excitation state occurs, which is characterised by 
euphoria, defensive movements, and an increase in the beta activity (12.5-25 Hz) of the EEG 
(Rampil 1998a, Brown et al. 2010). After more hypnotics are given, irregular respiratory 
patterns at the point of apnoea develop. Meanwhile, the patient no longer responds to oral 
commands, eye tracking stops, and the oculocephalic, eyelash, and corneal reflexes are lost. 
The blood pressure may have increased or decreased, and the heart rate has usually 
decreased. After the administration of muscle relaxants, tracheal intubation is performed.  
   The anaesthesia maintenance period is subdivided into three phases according to the 
changes in the EEG pattern. During the light state of anaesthesia, phase I, EEG beta activity 
(12.5-25 Hz) decreases and alpha (7.6-12.5 Hz) and delta (1.5-3.5 Hz) activity increases. In 
phase II, the intermediate state, beta activity decreases and alpha and delta activity 
increases especially in the anterior EEG leads. In phase III, the burst suppression pattern of 
EEG with intermittent alpha and beta activity is noticeable. In the deep state of anaesthesia, 
phase IV, the EEG is isoelectric and likewise in the coma state (Young 2000, Brown et al. 
2010). A burst suppression pattern or isoelectric EEG may be purposely induced by 
anaesthetic drugs to stop seizures during RSE treatment. Mechanically controlled 
ventilation, opioids for analgesia, thermoregulatory support, and cardiovascular drugs are 
needed in those phases.  
    Emergency from anaesthesia is divided into three phases and is a passive process. Its 
sequence depends on the anaesthetics administered, the patients’ age, sex, comorbidities, 
and the duration of surgery. After cessation of anaesthetic drugs and reversal of the 
neuromuscular blockade, the first clinical sign of emergency phase I, is the return of 
irregular breathing. In the EEG, an increase in alpha and beta activity is typical for this 
period. In phase II, blood pressure and heart rate increases, and autonomic responsiveness 
returns, such as salivation (7th and 9th cranial nerve nuclei), tearing (7th cranial nerve nuclei), 
grimacing (5th and 7th cranial nerve nuclei), swallowing, gagging, and coughing (9th and 10th 
cranial nerve nuclei). In the EEG pattern, alpha and beta activity also increased in this 
phase. Return of muscle tone (spinal cord) allows possible extubation. In phase III, the 
patient opens his eyes and can respond to commands. Awake patterns now appear in the 
patient’s EEG (Brown et al. 2010).  
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2.3 AWARENESS DURING GENERAL ANAESTHESIA 
2.3.1 Definition of awareness 
When William Morton gave his first anaesthesia demonstration with ether in Boston 1846, 
his patient was aware during the procedure. The addition of neuromuscular blocking 
agents (NMBA) drugs to general anaesthesia had eliminated patient movement, as a sign of 
awareness. Awareness during surgery under general anaesthesia with total muscle 
relaxation is the most terrifying scenario for the patient as well as for the anaesthesiologist. 
During the American Society of Anaesthesiologists’ (ASA) task force on intraoperative 
awareness, the task force defined awareness as a “a patient becomes conscious during a 
procedure performed under general anaesthesia and subsequently has recall of these 
events” (Apfelbaum et al. 2006). This definition is limited only to explicit memory, which 
means that the patient remembers this event. It does not cover any implicit memories. The 
novel Michigan Awareness Classification Instrument (Mashour et al. 2010) recognised the 
five class of awareness during general anaesthesia: class 1, indicates isolated auditory 
perceptions; class 2, tactile perception (e.g., perception of surgical manipulation or 
endotracheal intubation); class 3, pain; class 4, paralysis (e.g., a feeling that one cannot 
move, speak, or breathe); class 5, paralysis and pain. Letter D with class number indicates 
that there is associated distress e.g., reports of fear, anxiety, suffocation, sense of doom, 
sense of impending death.  
2.3.2 Incidence of awareness during general anaesthesia    
Awareness under general anaesthesia has been under active research in the past decade. 
The incidence of awareness is estimated to be approximately 0.1-0.4% (Ranta et al. 1998, 
Sandin et al. 2000, Sebel 2004a). One study interviewed 11785 anaesthetised patients 1-3 
days and 7-14 days after operation, but before leaving the post-anaesthesia care unit. The 
incidence of awareness was 0.18 % when NMBA drugs were used and 0.1% when they 
were not used (Sandin et al. 2000). These incidence figures of awareness are relatively low, 
but if one takes into consideration the fact that 2 million general anaesthesias are 
administrated per year in the USA, then one will discover that 26000 patients have recall of 
events occurring during surgery. In a prospective awareness study conducted on 11101 
Chinese patients, the incidence of definitive recall of events occurring during general 
anaesthesia was much higher, i.e. 0.41%, than in western countries (Xu et al. 2009). The risk 
factors of awareness that Xu et al. delineated were high ASA status, patients who had 
previously received general anaesthesia, and total intravenous anaesthesia (TIVA) with 
propofol. On the other hand, a study measured the incidence of awareness in 1000 non-
cardiac operations with TIVA and neuromuscular blocking agents, to examine the influence 
of propofol-based TIVA on incidence rates (Nordström et al. 1997). This study did not 
reveal any increased risk for awareness with TIVA in this group of patients. 
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2.3.3 Awareness during cardiac surgery 
The incidence of awareness in cardiac procedures has been reported greater than that in 
general surgery. The comorbidity of cardiac patients and haemodynamic instability during 
the surgery and CPB bring about the tendency to use light anaesthesia (Serfontein 2010, 
Kertai et al. 2012). In numerous previous studies, the incidence of awareness during cardiac 
surgery has been reported to be as high as 1.5-4% (Ranta et al. 1996) or even rates up 24% 
have been reported (Serfontein 2010). Patients undergoing cardiac surgery are at risk of 
awareness (Phillips et al. 1993) with an incidence of 1.14% (700 patients), but in more recent 
studies, this finding was not repeated. In the study of Ranta et al. (2002) the incidence of 
awareness in 929 cardiac patients was similar to the incidence reported during general 
surgery (0.5%). After the introduction of fast track protocols for cardiac surgery, a low 
figure of 0.3% on the incidence of awareness was reported (Dowd 1998). An academic 
dissertation concerning awareness during general anaesthesia (Ranta 2002) reported that 
the incidence of undisputed recall during cardiac surgery was 0.3 %, and the incidence of 
all possible cases of awareness was 2.4%. Ranta concluded that the much higher risk of 
awareness during cardiac surgery reported previously has declined so that it resembles the 
level observed during general surgery. In addition, a recent study on the new fast track 
anaesthesia techniques for cardiac surgery noted that the incidence of perioperative recall 
in 417 patients was 0% (Groesdonk et al. 2010). In the BAG RECALL trial (Avidan et al. 
2011) comparing BIS protocol and end–tidal anaesthetic concentration (ETAC) management 
for the prevention of awareness, 6041 patients with high risk of awareness were included. A 
total of 19 cases of definite or possible intraoperative awareness (0.66%) occurred in the BIS 
group, as compared with 8 (0.28%) in the ETAC group, but at least 3 of the patients who 
experienced awareness were undergoing CPB for cardiac surgery. 
   Also in the review of 271 cases of awareness during general anaesthesia, the cardiac 
surgery was a risk of awareness (Ghoneim et al. 2009). In the review article about 
awareness in cardiac anaesthesia (Serfontein 2010) author concluded that cardiac surgical 
patients are a high-risk group for experiencing intraoperative awareness. The periods of 
anaesthesia and surgery when the patient is at risk of awareness are the intubation, intense 
surgical stimulation (sternotomy), haemodynamic instability during operation, and re-
warming phase of CPB. 
2.3.4. Risks factors of awareness    
The American Society of Anaesthesiologists (ASA) has published descriptions of the 
conditions that increase the risk of awareness during general anaesthesia and guidelines to 
prevent intraoperative recall (Apfelbaum et al. 2006,). They are presented in Tables 3 and 4.  
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Table 3. The conditions with risk of awareness during general anaesthesia (Apfelbaum et al. 
2006).
 
Major risks 
 Caesarean section under general anaesthesia  
 Long term use of benzodiazepines, opioids and anticonvulsant agents 
 History of awareness  
 Difficult intubation  
 Heavy alcohol intake  
 Acute trauma  
 High risk cardiac surgery (EF <40%)  
 Off-pump cardiac surgery  
 Trauma with hypovolemia 
 ASA physical status IV or V  
 Severe aortic stenosis 
 Pulmonary hypertension 
Minor risk 
 COPD 
 Preoperative use of β-blockers 
 TIVA 
 Low exercise tolerance (no musculoskeletal dysfunction) 
 Smoking of two or more packs of cigarettes per day  
 Obesity (BMI > 30) 
 
 
Table 4. Schema to reduce intraoperative awareness in high-risk patients (Apfelbaum et al. 
2006). 
 Preoperative evaluation and identification of patients at risk 
 Inform patient about risk of awareness 
 Preoperative checklist of anaesthetic equipment 
 The use of benzodiazepine or scopolamine premedication 
 The use of EEG-based monitors of hypnosis (BIS, entropy) 
 Consider the use of a large dose of anaesthetics 
 The use of balanced anaesthetic techniques  
 The use of combined anaesthetic techniques (TIVA and volatile anaesthetics) 
 Consider avoiding total muscle paralysis 
 
In the review of 271 cases of awareness during general anaesthesia two main risk factors of 
awareness were the absence of a volatile agent or propofol during maintenance of 
anaesthesia (high-dose opioid anaesthesia) and history of previous awareness (Ghoneim et 
al. 2009). In this study the investigators found no differences in the frequency of use of 
NMBA drugs in the awareness sample compared with 19504 patients who did not have 
awareness. The malfunction of the anaesthesia drug delivery systems, such as an infusion 
pumps and vaporiser, were also risk factors of awareness in this study. If the 
anaesthesiologist suspects intraoperative consciousness or patient responsiveness, he/she 
should administer immediately a bolus of propofol (e.g., 0.5mg/kg) or midazolam (0.06 
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mg/kg) and increase the dose of the main anaesthetic. The anaesthesia delivery system 
(infusion pumps, vaporiser) should also be checked, because any malfunction in this 
system can lead to a disturbance in anaesthesia maintenance. In the postoperative phase, an 
interview should be conducted using the Brice questionnaire (Brice at al. 1970) after the 
operation, the next morning after the operation, and on the third postoperative day.  
 
Table 5. Brice questionnaire. 
Patients should be asked the following five questions: 
 What was the last thing that you remembered happening before you went to sleep? 
 What is the first thing you remember happening on waking? 
 Did you dream or have any other experiences whilst you were asleep? 
 What was the worst thing about your operation? 
 What was the next worst? 
 
The development of posttraumatic stress disorder (PTSD) as a psychological consequence 
of awareness should be remembered, and patient support and psychiatric consultation 
should be offered, if necessary (Ranta et al. 1998, Apfelbaum et al. 2006). 
2.4 ASSESSMENT OF ANAESTHESIA DEPTH 
The monitoring of anaesthesia depth is complex due to the different aspects of anaesthesia: 
unconsciousness, amnesia, antinociception, and immobility with muscle paralysis. The first 
three components of anaesthesia are related to the anaesthetics and sedation agent’s action 
on the CNS, whereas the neuromuscular blockade is a peripheral phenomenon. The depth 
of general anaesthesia was traditionally assessed by haemodynamic signs such as 
tachycardia, hypertension, and autonomic signs, such as motor response, lacrimation, and 
changes in respiratory frequency. Clinicians monitor neuromuscular blockade with a 
neuromuscular transmission (NMT) monitor. The monitoring of analgesia is complex and 
not strait full, the changes in the blood pressure and heart rate, Surgical Stress Index (SSI), 
Response entropy and skin conductance were used. In the next chapters the monitoring of 
the hypnotic component of anaesthesia is discussed. 
2.4.1 Clinical variables 
 
After introduction of volatile anaesthetics, the depth of anaesthesia was assessed according 
to the responses of the patient’s cardiovascular system and to the patient’s autonomic signs, 
mainly the changes in respiratory frequency. The increase in perspiration, movement, 
tearing, sweating, and changes in pupil size can be the somatic signs of patient arousal. 
During the use of volatile diethyl ether, Guedel’s four-stage anaesthesia classification 
(which is based on vital signs) was used (Guedel 1937). Stage I lasts from the beginning of 
induction of general anaesthesia to loss of consciousness (stage of sedation or 
disorientation). Stage II begins from loss of consciousness and extends to the onset of 
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automatic breathing. Eyelash reflex disappears at stage II, but other reflexes remain intact. 
As a result, coughing, vomiting, and struggling may occur. Stage III of surgical anaesthesia 
is divided into three planes: eyelid reflex lost, paralysis of the intercostal muscle, and 
paralysis of the diaphragm. Stage IV occurs with the overdose of anaesthetics, and presents 
with respiratory arrest and vasomotor collapse.  
    During inadequate levels of anaesthesia and ongoing surgical stimulation, blood 
pressure and heart rate can raise significantly. However, the use of muscle relaxants mean 
that vital signs such as patient`s movement or respiratory frequency are unreliable for 
monitoring the level of anaesthesia. Moreover, the cardiovascular signs like blood pressure 
and heart rate can be influenced by antihypertensive drugs and β-blockers, so 
cardiovascular signs do not correlate well with the level of hypnosis during general 
anaesthesia. In the Moerman et al. (1993) study, twelve definitive cases of awareness were 
found, and the anaesthesia records were checked for changes in blood pressure and 
tachycardia. High blood pressure was found in five cases, but in three cases, there was no 
rise in blood pressure or in heart rate.  The ASA Closed Claims project (Domino et al. 1999) 
demonstrated that blood pressure increased only in 15% in all cases of awareness (n=79); 
tachycardia appeared in 7% of the cases and patient movement occurred in one case (most 
patients received muscle relaxants). 
    Heart rate variability (HRV) provides a non-invasive marker of the autonomous nervous 
system’s function. It is well known that the status of the autonomous nervous system is 
modified by anaesthetic or sedative drugs, and that noxious stimuli cause sympathetic 
activation. General anaesthesia markedly depresses HRV, so a couple studies have 
suggested that HRV reflects the brainstem’s response to anaesthesia (Pomfrett 1999). Hence, 
HRV was also studied for monitoring the depth of anaesthesia, and a correlation between 
EEG and HRV during anaesthesia was reported (Yli-Hankala et al. 1990b, Jäntti and Yli-
Hankala 1990, Pomfrett et al. 1994). 
2.4.2 EEG-based monitoring 
EEG measures the neuronal electrical activity from the cortex of brain. Gibbs et al. (1937) 
first noticed the EEG changes caused by anaesthetic drugs. Sedative and anaesthetic drugs 
cause changes in the EEG patterns that are dependent on the anaesthetic drug’s 
concentration in the plasma. During relaxation with the eyes closed, alpha activity is 
dominant in the EEG recording. In contrast, light sedation decreases the alpha power in the 
EEG and increases the beta power. As the anaesthesia deepens, the lowest frequency brain 
activity (delta and theta) increases in quantity while the alpha and beta activities drop in 
quantity. In deep anaesthesia cortical activity is altogether silent, and an isoelectric EEG 
with a burst suppression pattern dominates. The use of raw EEG to monitor depth of 
anaesthesia requires visual evaluation and knowledge of neurophysiology. Thus, clinical 
use of raw EEG is restricted to the monitoring of sleep, epileptic activity, and brain 
abnormalities like hypoxia or ischemia. Clinicians incorporate the computerisation of the 
EEG signal using two techniques of EEG analysis: time-domain and frequency-domain 
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(Levy et al. 1980, Freye and Levy 2005). The time- domain is used only in clinical practice to 
calculate the burst suppression ratio during the EEG-based deep anaesthesia monitoring. 
The frequency domain can be characterised either by voltage or by power versus frequency. 
The transformation from time-domain to frequency-domain involves digitalisation and Fast 
Fourier transformation. The power spectrum shows EEG data in two dimensions: 
amplitude versus frequency, but the spectrum is still complex. Spectral edge frequency, the 
median frequency, and the peak power frequency are used to describe EEG signals 
(Jameson and Sloan 2006).  
   The monitoring of the depth of anaesthesia should fulfil certain aspects: it should show 
changes in anaesthesia level cause by changes in the anaesthetic blood concentrations, be 
similar with the use of different agents, show changes with surgical stimulation and 
indicate awareness with a short delay (Thornton 1991). Since the use of anaesthetics and 
sedative drugs cause changes in the EEG pattern, processed EEG-based anaesthesia depth 
monitoring with automatic algorithm EEG analysis has been developed. Bispectral EEG 
analysis incorporated a more complex algorithm and included phase coupling among 
frequency bands. The BIS monitor was the first commercially available monitor of the 
hypnotic component of anaesthesia (Rampil 1998a, Johansen 2006). In Table 6, EEG-based 
monitors of hypnosis during anaesthesia are presented. 
Table 6. EEG-based monitors of hypnotic component of anaesthesia. 
 
 AEP Monitor™ (Danmeter)                                        
 BIS™ Monitor (Covidien)          
 Cerebral State Monitor™ (Danmeter)                    
 Narcotrend™ Monitor (Schiller)                                  
 Patient State Monitor (Hospira)  
 SNAP™ Monitor (Stryker)  
 Entropy Module (GE Healthcare) 
 
 
2.4.3 Auditory evoked potentials 
Evoked potentials reflect the electrical activity in the EEG produced by sensory stimulus. 
Input stimuli are categorised according to their sources: visual evoked potentials, 
somatosensory evoked potentials, and auditory evoked potentials. The AEP in the EEG 
reflect responses to auditory stimulation. The passage of the auditory stimulus from the 
cochlea to the cortex produces waveforms consisting of 11 waves. The AEP have been 
under active research in the assessment of sedation and anaesthesia (Thornton et al. 1983, 
1988, 1989a, De Beer et al. 1996a, 1996b). They can be divided in three different groups 
based on the delay following the auditory event: brainstem auditory evoked potentials 
(BAEPs), which are recordable at 1-10 ms after the auditory stimulus; midlatency auditory 
evoked potentials (MLAEPs), recordable 10-50 ms after stimulus, and late latency auditory 
evoked potentials (LLAEPs), recordable after 50 ms after stimulus (Thornton 1991 and 
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1993). To create a distinguishable response, a computer can extract the AEP from 
background EEG by averaging a large amount of responses, and it displays the results as 
waveforms. The MLAEP waveforms consist of a series of positive and negative waves (No, 
Po, Na, Pa, Nb) that are characterised by their latency (the time from stimulus to the 
occurrence of the wave) and their amplitudes, which both represent the passage of 
electrical activity along the auditory pathway from cochlea to cortex. They originate from 
the medial geniculate and primary auditory cortex. The typical peaks of AEPs are shown in 
Figure 2.  
             
Figure 2. The typical peak responses in the EEG after auditory stimulation: brainstem auditory 
evoked potentials (I, II, III, IV, V, VI ), midlatency auditory evoked potentials (No, Po, Na, Pa, 
Nb), and late latency auditory evoked potentials (P1, N1, P2, N2). Reprinted with permission of 
Danmeter, Denmark. 
    
   The BAEPs do not change with intravenous anaesthetic agents like propofol or thiopental, 
and they are not used to measure the depth of anaesthesia (Thornton 1991). The MLAEPs 
show the dose dependent changes within general anaesthetics similar with different drugs 
used. Therefore, they are suitable for measuring the pharmacodynamic effect of 
anaesthetics on the EEG. Decreases in amplitudes and increases in latencies of MLAEPs are 
detected during progressive stages of sedation and anaesthesia (Thornton 1991), and they 
have been evaluated with halothane and enflurane (Thornton et al. 1984), etomidate 
(Thornton et al. 1985), isoflurane (Heneghan et al. 1987), and propofol (Thornton et al. 
1989b). Surgical stimulation increases the amplitudes of both Pa and Nb parameters, both 
of which indicate arousal (De Beer et al. 1996b), which can be blocked by a bolus dose of 
opioids (Shinner et al. 1999). In one study of MLAEPs as an indicator of awareness during 
anaesthesia, the Nb latency shorter than 44.5 ms was associated with risk of awareness 
(Thornton et al. 1989a). AEP responses, like other form of EEG-based monitoring, are 
affected by technical and subject–related factors. Technical factors include the placement of 
EEG electrodes, electrical noise in the operating room (amplifiers are used to eliminate 
electrical artefacts), type of auditory stimulus (usually click and binaural stimulation), 
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stimulus intensity, and presentation rate (threshold of 70 dB and 10 per second). 
The patient-related factors affecting the AEP responses are:  
 significant hearing deficit 
 neurological diseases that impair the auditory nerve tract, such as multiple  
 sclerosis, tumours of the CNS, and schizophrenia.  
 age and sex 
 hypothermia 
   During deep anaesthesia, characterised by burst suppression patterns in the EEG, the 
MLAEP measurements lose their accuracy because of the flat EEG and the MLAEP 
waveforms are totally suppressed (Thornton 1991).  
 
2.4.3.1 AEP anaesthesia monitor    
   The first commercially available AEP monitor, called A-line™ (Danmeter, Odense, 
Denmark), was not able to recognise the burst suppression pattern during deep 
anaesthesia. The second commercial anaesthesia depth monitor, which uses MLAEP, is 
called the AEP Monitor/2 (Danmeter, Odense, Denmark), and this monitor uses a 
composite AEP/EEG A-line autoregressive index (AAI). The AAI index measures the depth 
of anaesthesia by using two different sources. First, the index actively measures the 
patient’s AEP responses (latencies and amplitudes) to an auditory click stimulus delivered 
by headphones. Then, it passively measures the EEG β-ratio. During deep anaesthesia, the 
monitor collects information from the burst suppression algorithm and BS is calculated as a 
percentage of a 30-second window (Nishiyama and Hanaoka 2004, Bonhomme et al. 2006a). 
When patients are awake, the AAI values are 50-99, LOC is 40, and surgical anaesthesia 15-
30. The AAI index was validated with the Observer’s Assessment of Alertness and Sedation 
Score (OAAS) during the propofol and midazolam anaesthesia (Ge et al. 2002). In the study 
of Struys et al. (2002) the accuracy of the AAI and BIS to predict effect-site concentration of 
propofol and sedation level was compared. Both AAI and BIS predicted propofol effect-site 
concentration, revealed information on the level of sedation and loss of consciousness but 
did not predict response to noxious stimulus. The next study (Struys et al. 2003) was 
conducted to compare the performance and accuracy of BIS and AAI to predict the 
propofol effect-site concentration, to measure the loss of responses to different stimulation 
defined as loss of response to verbal command, eyelash reflex, and noxious stimulus during 
stepwise increased levels of propofol infusion with and without remifentanil. The overall 
prediction probability to measure the hypnotic component of anaesthesia remained 
accurate for BIS and AAI, and their ability to detect loss of consciousness defined by OAAS 
and loss of response to eyelash reflex remained also accurate.  
   In the AEP monitor clinical utility studies by Recart et al. (2003a and 2003b) the use of an 
AEP monitor for titrating the volatile anaesthetic led to a significant reduction in the 
anaesthetic requirement compared to standard clinical practice. In Recart’s study, the use of 
the AEP monitor resulted in a shorter post-anaesthesia care unit stay and improved the 
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quality of recovery from the patient's perspective. In a study that compared BIS and AAI 
(Nishiyama et al. 2004), the AAI index increased significantly in response to nociceptive 
stimulation (intubation, skin incision), whereas the BIS index remained constant. One 
explanation is that the BIS and AEP measure different aspects of brain activity. AEP is 
thought to reflect the transfer of auditory stimulation to the auditory cortex and to measure 
anaesthesia depth, not simply the hypnotic component; in contrast, BIS reflects brain 
cortical activity and seems to be better at tracking the entire gradual progression of the 
sedative and anaesthetic state. In a study comparing the performance of BIS and AAI index 
in predicting consciousness, explicit and implicit memory during moderate sedation with 
propofol, both correlated well with loss of consciousness defined by OAAS (identical P(k) of 
0.87), but did not allow prediction of postoperative explicit or implicit recall (Hadzidiakos 
et al. 2006). Disadvantages of the AEP anaesthesia depth monitoring include problematic 
monitoring of patients with hearing impairments, which can influence the AEP. The inter-
personal variability of the hearing threshold means that a constant click stimulus produces 
different responses in different individuals. To my knowledge, the commercial AEP 
monitor by Danmeter is no longer available.  
2.4.4 Bispectral index 
The bispectral index (Covidien, MA, USA) was the first commercially available monitor of 
the hypnotic effect of anaesthesia. It monitors the pharmacodynamic effect of anaesthetic 
agents on the brain (Rampil 1998a, Johansen 2006, Punjasawadwong et al. 2010). By 
December 2012, the BIS bibliography included a huge amount of scientific articles, 
numbering over 1800 (BISeducation.com). The BIS technology was developed over a course 
of 10 years in the USA with the contribution 30 institutions. The United States Food and 
Drug Administration accepted the BIS monitor as a measure of hypnotic level of 
anaesthesia in 1996. The BIS is an EEG-based monitor that continuously monitors a 
patient’s level of hypnosis during general anaesthesia or sedation. The BIS technology 
combines multiple EEG signal analyses: bispectral, power spectral, and time domain 
analysis (Sigl and Chamoun 1994, Rampil 1998a, Bruhn et al. 2006). The BIS algorithm 
analyses the EEG and compares this analysis with a previous database of 5000 patients who 
received the same anaesthetic agents as those used during the analysis (Rampil 1998a). The 
BIS monitor uses a BIS index between zero and 100. Surgical anaesthesia is between 40 and 
60 (Rampil 1998a).  
2.4.4.1 BIS evaluation studies 
Most of the intravenous anaesthetics (propofol, tiopenthal) and volatile anaesthetics 
(isoflurane, sevoflurane, and desflurane) cause gradual changes in the BIS index with 
increased drug concentration. During a multicentre BIS evaluation study (Glass et al. 1997) 
with propofol, isoflurane, and midazolam, the researchers discovered a good correlation 
between BIS and OAAS score with a very high predictive performance for correctly 
indicating probability of LOC. Another multicentre study, which monitored the anaesthetic 
effects on BIS, demonstrates that dosing anaesthetic drugs to lower BIS values achieves a 
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lower probability of movement in response to surgical stimulation (Sebel et al. 1997). In the 
BIS utility study (Gan et al. 1997) 302 patients were randomised to a standard practice 
group and a BIS group. BIS monitoring allowed a decrease in the propofol use, faster 
emergency from anaesthesia and reduced recovery time. BIS monitoring improved 
recovery from anaesthesia and reduced the amount of propofol (29%) and isoflurane (40%) 
used (Yli-Hankala et al. 1999) as well as the amount of sevoflurane (Aime et al. 2006). BIS 
monitoring reduced the incidence of the postoperative nausea and vomiting (Nelskylä et al. 
2001). In a meta-analysis of BIS trials concerning ambulatory anaesthesia in 1390 patients 
across 11 randomised trials, the BIS-guided anaesthesia reduced anaesthetics consumption 
by 19%, reduced occurrence of nausea/vomiting from 38% of all patients to 32%, and 
reduced recovery time; however, the average recovery time was only 4 minutes shorter in 
the BIS group. There was no time difference between groups regarding discharge from the 
ambulatory surgery unit, and the total cost of patient stay was higher in the BIS group (Liu 
2004). On the other hand, in the recent Cochrane review, including 31 randomised studies, 
there was no overall reduction in dose of propofol and volatile anaesthetics when using BIS 
monitoring (Punjasawadwong et al. 2010). In the large group of 1100 patients participating 
in the B-Unaware trial, the relationships during maintenance of anaesthesia between end 
tidal anaesthetic concentration (ETAC), BIS index and patients characteristic were 
examined (Whitlock et al. 2011). BIS frequently correlated poorly with ETAC and was often 
insensitive to changes in inhalation anaesthetic concentration. The use of nitrous oxide had 
no impact on the BIS values (Rampil et al. 1998b). Also, ketamine did not change BIS index 
or cause a paradoxical rise in BIS values (Sakai et al. 1999).  
   The EEG signal can be contaminated by artefacts from the environment of the operating 
room, where there are other electrical devices. During BIS monitoring for assessment of 
hypnosis, various conditions that could interfere with the BIS index and indicate an 
incorrect hypnotic state (Dahaba 2005) are presented in Table 7.  
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Table 7. Conditions causing disturbance in the BIS index values. 
 
 
Effect                                                                                  BIS change 
 
   
Paradoxical BIS changes with anaesthetics 
N2 O termination                                                                BIS ↓           
Ketamine                                                                             BIS ↑                 
Isoflurane                                                                            BIS ↑              
Halotane                                                                              BIS ↑              
Electric devices 
Pacemaker                                                                           BIS ↑ 
Diathermy                                                                           Disturbed        
Effect of different clinical conditions 
Hypoglycemia                                                                     BIS ↓    
Cardiac arrest                                                                      BIS ↓            
Hypovolemia                                                                       BIS ↓ 
Cerebral ischemia                                                            BIS ↓            
Hypothermia                                                                       BIS ↓     
Abnormal EEG patterns 
Alzheimer dementia                                                           BIS ↓             
Brain injury                                                                          BIS ↓ 
Brain death                                                                           BIS 0 
 
    
 
 
2.4.4.2 BIS and awareness during general anaesthesia    
The anaesthesiologist has probably a new method to decrease the risk of awareness and 
intraoperative recall, which relies on processed EEG monitoring. When keeping the BIS 
under 60 during general anaesthesia, the possibility of patient’s recall of intraoperative 
events is unlikely (Punjasawadwong et al. 2010). The first clinical trial demonstrating that 
BIS monitoring reduces intraoperative awareness was the Ekman study (Ekman et al. 2004). 
They compared 4945 patients under general anaesthesia with intubation, muscle relaxation, 
and BIS monitoring with 7826 control patients from a study carried out 4 years previously 
(the latter were under the same conditions except that BIS was not used). A 77% reduction 
in the incidence of awareness in the BIS-monitored group was reported. The incidence of 
awareness in the BIS group was 0.04% compared with 0.18% in the previous study. In this 
study, higher BIS values (> 60) were found in the patients with awareness during general 
anaesthesia. It is possible that there was a change in anaesthetic practice in the institutions 
between the previous study and current investigation with BIS monitor. The study was also 
underpowered. If incidence of awareness is 0.01% and BIS produces 50 % reduction in 
incidence, almost 41 000 patients should be included in a prospective randomised trial 
(Sebel 2004b).  
   In the B-Aware trial (Myles et al. 2004), 2463 patients who were at high risk of awareness 
during anaesthesia were randomly allocated either to the BIS group or to the routine 
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practice group. BIS-guided anaesthesia reduced the risk of awareness by 82%. With a cost 
of routine BIS monitoring at US 16 dollars per use with a number needed to treat of 138, the 
cost of preventing one case of awareness in high-risk patients was about 2200 dollars in this 
study. If the patients in the Myles study were patients with a low risk of awareness during 
general anaesthesia, again almost 41 000 patients should have been included in the study. 
On the other hand, Avidan and colleagues (2008) did not confirm BIS monitoring’s ability 
to prevent awareness during general anaesthesia in patients with higher risk of awareness. 
Two thousand patients were assigned to BIS-guided anaesthesia (BIS 40-60) or to ETAC, the 
latter of which was administered within a range of minimum alveolar concentration (MAC) 
between 0.7-1.3. Two cases of definite awareness occurred in both groups (absolute 
difference 0%), and a reduction of volatile anaesthetics was not detected in the BIS group. 
The investigators concluded that these results do not support routine BIS monitoring as a 
part of standard anaesthesia practice. In this study patients with low risk of awareness 
(patients undergoing open-heart surgery) were included which will lead to a reduction in 
trial events. Also the study protocol with the BIS ranges was not well achieved (Orser 2008). 
In a large, multicentre, randomised study of 6014 patients at high risk of awareness who 
were randomly assigned to BIS-guided anaesthesia (BIS 40-60) or to ETAC-guided 
anaesthesia (MAC 0.7-1.3) (Avidan et al. 2011). Seven patients in the BIS group had definite 
intraoperative awareness whereas 2 patients had in the ETAC group. Possible awareness in 
the BIS group was ascribed to 19 patients versus 8 in the ETAC group. Total definite and 
possible awareness was 0.47% in all patients. In conclusion, the BIS-guided anaesthesia was 
not superior to the ETAC–guided anaesthesia in terms of awareness.  
   The results and conclusions of Avidan’s study are controversial. First of all, in this study, 
41 % of awareness occurred when ETAC and BIS were in the study protocol’s target ranges; 
therefore, intraoperative awareness was not preventable with either monitoring method. 
ETAC is a measure of volatile drug concentration, and does not measure the response of the 
brain to the anaesthetic dose. Volatile anaesthetics were used in the control group, but quite 
often, such as during cardiac surgery, anaesthesia had been maintained by TIVA. In such a 
case, one cannot use ETAC for anaesthesia depth control. Pure volatile anaesthesia can 
produce hypotension, especially in the sickest patients, and cause unnecessary 
cardiovascular and cerebral risk. Monitors are meant to supplement, not supplant, clinical 
decision making, and depth-of-anaesthesia monitors that reduce complex neurobiology to 
simple numbers are no exception. There is no study in the literature focusing in the use of 
BIS to reduce the awareness only in the cardiac surgery patients (Kertai et al. 2012), but 
three clinical trials (Myles et al. 2004, Avidan et al. 2008 and 2011) of the impact of BIS 
monitoring on awareness included a large number of cardiac surgery patients (27%, 49%, 
36%). The post hoc analysis of incidence of awareness in this group of patients did not 
reveal a reduction of awareness with BIS monitoring (Kertai et al. 2012).  
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2.4.4.3 BIS and postoperative outcomes    
In a couple of studies, the association between too deep of an anaesthesia state and 
postoperative, long-term outcomes was reported. In the study of Monk and colleagues 
(2005), association between deep cumulative anaesthesia and one-year mortality for non-
cardiac surgery suggests that intraoperative anaesthetic management may affect outcomes 
over longer time periods than previously appreciated. In that study, one-year mortality was 
5.5% in all patients (n = 1064) and 10.3% in patients 65 years or older (n = 243). Significant, 
independent predictors of mortality were patient comorbidity, intraoperative systolic 
hypotension, and cumulative deep hypnotic time (BIS < 45).  The association between 
duration of low BIS values (BIS < 45) and intermediate-term mortality was also found in 460 
cardiac surgery patients (Kertai et al. 2010). The association was not dependent on the 
duration of anaesthesia or the concentration of volatile anaesthetics used. In 4086 patients 
with malignant disease who were monitored by BIS during surgery, 2-year mortality was 
associated with low BIS values (BIS < 45) and was also a significant predictor of the 1 and 2-
year mortality in this patient group (Lindholm et al. 2009). In this study when the initial 
multivariate regression was repeated using pre-existing malignancy status among the co-
varieties in the model, the previously significant relation between 1, and 2-yr mortality and 
(BIS <45) did not reach statistical significance. 
    The effect of BIS monitoring on long-term survival in the 2463 patients from the B-Aware 
trial was published by Leslie et al. (2010). The median follow up time was 4.1 years, and the 
primary end point of the study was survival. The second objectives were incidences of 
myocardial infarction and stroke. There was no difference between the BIS group and 
standard anaesthesia care in the risk of death. However, the hazard ratio for death was 
higher in the patients with deep anaesthesia (BIS < 40 for over 5 minutes) compared with 
other BIS-monitored patients. In addition, the odds ratios for myocardial infarction and 
stroke were higher in this patient group. Those studies (Monk et al. 2005, Kertai et al. 2010, 
Lindholm et al. 2009) suggested the potential impact of anaesthesia management on 
morbidity and mortality, but they are observational studies and relationship between the 
level of anaesthesia and patients outcomes is still an open question.  
   For the patient as well as the anaesthesiologist, the primary concern related to anaesthesia 
is lack of awareness during surgery. For this reason, a deep level of anaesthesia is 
commonly used. High doses of anaesthetic agents are often used to lower blood pressure 
during surgery. In light of those studies, anaesthetic management should find a more 
sophisticated approach with a specified BIS goal.  
      In conclusion, the results of various studies that measured BIS index to guide the level 
of anaesthesia and to prevent awareness are still contradictory (Punjasawadwong et al. 
2010). The BIS index appears to be useful for patients who have a high risk of awareness 
(Myles et al. 2004), but a study which used ETAC guided anaesthesia with volatile 
anaesthetic did not demonstrate the index’s utility (Avidan et al. 2008 and 2011). 
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2.4.4.4. Automatic anaesthesia delivery system    
In the future, general anaesthesia may be maintained by fully automatic anaesthesia 
delivery systems. Infusion pumps will recognise the patient’s own pharmacodynamic 
profile to achieve a constant anaesthetic concentration in the blood and brain (Agarwal et 
al.  2009). The anaesthesiologist will set the target concentration of anaesthetics in the 
beginning of the procedure and target the anaesthesia depth. The computer control closed-
loop anaesthesia delivery system (CLADS) will change the drug concentration according 
the feedback from anaesthesia information system and processed EEG monitoring (be it BIS 
or entropy). The BIS is used in the automated anaesthesia systems with target control 
infusion of anaesthetics and closed-loop feedback with target BIS values. Struys’ study 
(2001) compared closed-loop anaesthesia delivery systems with BIS target of 50 with a 
standard practice group. Better control of BIS target and systolic blood pressure and faster 
recovery were found in the closed-loop anaesthesia than in the control group. In a 
randomised, multicentre study (Liu et al. 2006), 160 patients undergoing minor or major 
surgery were allocated either to the closed-loop or to manual target control propofol 
infusion. The BIS target during anaesthesia maintenance was 40-60. Adequate level of 
anaesthesia in BIS range 40-60 was achieved better in the closed-loop group (21%), and total 
propofol consumption and time to the tracheal extubation were lower in this group. In 
recent studies (Solanki et al. 2010, Hemmerlig et al. 2010), BIS controlled closed-loop 
propofol administration system performs better than propofol manual administration for 
hypnosis control during surgical anaesthesia and postoperative sedation. In Solanki’s 
study, 41 cardiac surgery patients were randomly allocated to postoperative propofol 
sedation using either closed-loop anaesthesia delivery system or manual titration of 
propofol. The target value of BIS sedation was 70. The achieved time of sedation with target 
BIS 70 ± 10 was significantly higher in the CLADS group compared with manual group 
(p=0.002). In Hemmerlig’s study, 40 patients undergoing major surgery were randomly 
allocated either to the CLADS group with a target BIS of 45 or to the group with a manual 
administration of propofol. The performance of CLADS group was better than the control 
group, keeping BIS nearer to 45. Control of anaesthesia (BIS 45) occurred significantly more 
often (p=0.001) in the CLADS group.  
2.4.5 Spectral entropy 
Entropy is a name from thermodynamics employed in the analysis of complex biological 
signals and EEG research. Steyn-Ross from New Zealand adopted the entropy 
thermodynamic concept to in-depth anaesthesia research (Steyn-Ross et al. 1999). The 
spectral entropy, which is a measure of the hypnotic level of anaesthesia was 
conceptualised in Finland in 1999 by Datex-Ohmeda. In the year 2000, the abstract by 
Viertiö-Oja and colleagues, entitled “New Method to Determine Depth of Anaesthesia from 
EEG Measurements,” was recognised by The Society of Technology in Anaesthesia as the 
best abstract in anaesthesia clinical technology research. The entropy estimates the 
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complexity and irregularity of the signal (Viertiö-Oja et al. 2004) and quantifies the amount 
of disorder in the EEG frequency space. If the signal has a high complexity, then its entropy 
is high (Fig. 3A). If the signal is regular and totally predictable, then the value of entropy is 
low (Fig. 3B). One can compute the signal of EEG entropy with the time and frequency 
domain and with the Fourier transformation to the time-frequency balanced spectral 
entropy. If the EEG signal includes a wide spectrum of frequencies, then the spectral 
entropy is high. Inversely, if the complexity of EEG signal is low and features only a few 
frequencies, then the entropy value is low.  
 
A) 
 
 
 
B) 
 
 
 
 
 
 
Figure 3 A and B. In the figure A with the patient awake, the EEG complexity is high with high 
entropy value. In the figure B the EEG signal during anaesthesia is regular with only few 
frequencies and entropy value is low. Reprinted with the permission of General Electric, 
Healthcare, Finland.    
   Two components of spectral entropy are calculated. The response entropy is computed 
from EEG and EMG frequency ranges of 0.8 to 47 Hz. An increase in the EMG is an 
indicator of patient arousal, for example, in response to nociception stimulation. The RE 
entropy’s shortest sampling window is 1.92 s, which allows the RE to make a fast response 
during the monitoring to EMG activation (32-47 Hz). The state entropy is computed from 
range 0.8-32 Hz, and its time window sampling lies between 15-60s. The RE-SE difference is 
an indicator of EMG activation. The burst suppression ratio is also included in the 
measurement of deep anaesthesia with 1-min windows and a burst suppression detection 
technique was described by Särkelä and colleagues (2002).  
2.4.5.1. Entropy evaluation studies 
Vakkuri et al. (2004) validated spectral entropy as an accurate assessment of anaesthesia 
depth. They ran spectral entropy on 70 patients who had received sevoflurane, propofol, or 
thiopental. RE and SE distinguished very well between conscious and unconscious states 
and showed high sensitivity and specificity in the detection of LOS. RE decreased earlier 
than BIS and SE during the patients’ emergence from anaesthesia. Moreover, Ellerkmann et 
al. (2004) found that SE and RE were useful EEG-based measures of the effect of 
sevoflurane and that they both decreased continuously with the increase in the 
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concentration of sevoflurane. A multicentre study by Vakkuri and colleagues (2005) looked 
at 368 patients under general anaesthesia with propofol-alfentanil-nitrous oxide. The 
reduction in dose of propofol and faster emergence from anaesthesia were detected in the 
entropy group. In the entropy group, the values of the entropy were higher than the BIS 
index during the whole operation, with the gap being the widest in the last 15 minutes. The 
SE, RE, BIS, and sedation level were recorded for 20 patients during minor gynaecologic 
surgery (Schmidt et al. 2004). A record was made every 20s during stepwise increase of 
propofol until the patients lost response. The SE, RE, and BIS revealed similar information 
about the level of sedation measured by prediction probability and allowed the researchers 
to distinguish between the different steps of anaesthesia.  
   In the study by Ellerkmann et al. (2006), the dose-response relationship of SE and RE 
during propofol anaesthesia in comparison with the BIS was investigated. The prediction 
probability (P(k)) was calculated to evaluate the performance of SE, RE, and BIS to predict 
changing propofol effect-site concentrations. The calculations revealed a significant 
difference between SE and RE compared with BIS, with P(k) = 0.77 +/- 0.09, 0.76 +/- 0.10, and 
0.84 +/- 0.06, respectively. In this study, BIS was better than SE and RE at predicting the 
propofol effect-concentration. Contradictory results were discovered during a propofol 
anaesthesia-based study (Ianuzzi et al. 2005) that compared the BIS and SE for predicting 
loss of verbal contact and LOC during steady-state conditions. SE had higher correlation 
with effect-site concentration than did BIS and may therefore be more useful than BIS in 
predicting both LVC and LOC. Rinaldi et al. (2007) evaluated BIS and SE in terms of their 
correlations with different end tidal concentrations of sevoflurane. During anaesthesia, the 
correlation with end tidal (mean 1.5%) sevoflurane was -0.75 for SE and -0.70 for BIS. 
Another study (Moller and Rampil 2008) examined volunteers to assess the correlation of 
entropy values to word recall and the correlation of motor response to verbal command 
during emergency from either propofol or sevoflurane. When clinicians gave patients a 
verbal command to move, entropy increased in a dose and drug-dependent fashion. 
Entropy parameters measured by prediction probability were reliable predictors of recall. 
In the study of Kaskinoro et al. (2011) spectral entropy and BIS values were tested to 
differentiate consciousness from unconsciousness during increasing doses of three different 
anaesthetic agents. Thirty healthy male volunteers aged 19-30 yr were recruited and 
divided into three 10-volunteer groups to receive either dexmedetomidine, propofol, or 
sevoflurane in escalating concentrations at 10 min intervals until LOC was reached. Because 
of wide inter-individual variability, BIS and entropy were not able to reliably differentiate 
consciousness from unconsciousness during and after stepwise increasing concentrations of 
these anaesthetics.  
   In a study that featured propofol and nitrous oxide during the induction of anaesthesia 
(Anderson and Jakobsson 2004), entropy showed a successive decrease with propofol; 
however, loss of consciousness with nitrous oxide was not associated with change in 
entropy indices. The poor performance of spectral entropy during S-ketamine anaesthesia 
was also detected (Maksimow et al. 2006), because S-ketamine induced more high 
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frequency EEG activity in the gamma band. Compared with standard practice, using 
spectral entropy or BIS during sevoflurane anaesthesia reduced sevoflurane consumption 
by 29% (Aime et al. 2006). The spectral entropy guided induction of general anaesthesia 
with propofol reduced the propofol requirements and allowed better cardiovascular 
stability in 72 elderly patients (Riad et al. 2007). In elderly patients (> 65 yrs), the BIS and 
spectral entropy indices were significantly affected by their age (Lysakowski et al. 2009). At 
LOC with propofol induction, all indices were significantly higher in the elderly than they 
were in young patients, at 70 (range 58-91) versus 58 (40-70), respectively. In a study that 
compared standard anaesthesia practice and entropy guided propofol-remifentanil 
anaesthesia (Gruenewald et al. 2007), the standard group of patients received more 
propofol and less remifentanil. Prediction probability for LOC was the best for BIS (0.96) 
and RE (0.93), but patients’ emergency from anaesthesia was best predicted by RE (0.94). A 
PET-based study by Maksimow et al. (2005) aimed to find a correlation between spectral 
entropy and regional CBF during general anaesthesia with propofol and sevoflurane. The 
reduction in cortical and global cerebral blood flow was associated with significant 
decreases in spectral entropy.  
   There is a conceptual difference in the BIS algorithm and spectral entropy concept, which 
is detailed in Table 8. The BIS algorithm uses the bispectrum to combine information of the 
β-ratio at light levels of anaesthesia with information of burst suppression at the deepest 
levels of anaesthesia. The entropy applies exactly the same mathematical formulation at all 
levels of anaesthesia, starting from the state in which the patient is completely awake to 
total suppression. 
Table 8. Conceptual differences in the spectral entropy and bispectral index algorithms used to 
the EEG signal analysis. 
 
  
Spectral Entropy 
 
BIS 
 
Patient awake 90-100 
Light sedation (60-90) 
 
Entropy 
 
BetaRatio 
 
Surgical levels of 
anaesthesia  
(30-60) 
Entropy 
 
Bispectrum 
(SynchFastSlow) 
 
Deep anaesthesia  
(0-30) 
 
Entropy 
 
Burst Suppression Ratio 
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   The RE index is a new contribution to the measurement of anaesthesia depth with higher 
EMG frequency in its calculations. The increase in the patient’s forehead EMG can be a sign 
of arousal, that is, inadequate analgesia. The values of response and state entropy are equal 
during general anaesthesia when the EMG power (sum of the spectral power between 32 
and 47 Hz) is zero. The difference between RE and SE (RE-SE) is an indicator of upper facial 
muscle activity reflecting changes, for example, in the arousal reactions that the patient 
displays in response to painful stimuli (Vakkuri et al. 2004). In studies regarding RE 
responsiveness to pain stimulation (Wheeler et al. 2005, Weil et al. 2008), RE increased after 
surgical stimulation and was a predictor of patients’ movement after stimulation, but there 
was no correlation between haemodynamic response and RE (Weil et al. 2008). Authors 
concluded that high values (RE > 55) before stimulation should be avoided in order to 
decrease the risk of motor response. Valjus et al. (2006) randomly assigned 51 patients to 
receive esmolol or remifentanil. All patients’ RE was compared with their SE responses to 
the pain stimulation. The hypothesis was that the RE values should be higher in the esmolol 
group after stimulation, but no significant differences were detected between SE and RE in 
either group. Authors concluded that RE seems not to be more sensitive than SE in guiding 
the use of opioids during general anaesthesia. In addition, other studies suggest that the 
level of neuromuscular blocking may confound the clinician’s interpretation of the RE 
values (Liu H et al. 2005, Kawaguchi et al. 2009). Liu H et al. (2005) studied the influence of 
the bolus of the NMBA drug on BIS and entropy values. Under steady propofol-
remifentanil anaesthesia in lightly anesthetised patients, a bolus of the NMBA 
administration decreased bispectral index and response entropy, whereas the bolus did not 
decrease state entropy values. In the study of the influence of the level of muscle relaxation 
on the RE-SE values after intubation, the patients who received a higher dose of 
rocuronium displayed stronger suppression of RE-SE response (Kawaguchi et al. 2009). The 
authors concluded that the estimates of nociception using RE-SE should be interpreted 
carefully in different states of muscle paralysis during general anaesthesia.  
   The performance of the entropy module in estimating nociception during sevoflurane 
anaesthesia was studied in 40 female patients (Takamatsu et al. 2006). After surgical 
stimulation, the RE-SE difference increased significantly, and RE (29 vs. 38) and SE (24 vs. 
37) before skin incision were significantly lower in patients who did not move. The authors 
concluded that noxious stimulation increased the RE-SE difference. However, an increase in 
the difference does not always indicate inadequate analgesia and should be interpreted 
carefully during anaesthesia. Forty patients undergoing laparoscopic gastric banding were 
randomly assigned to receive either fentanyl or dexmedetomidine infusion, with desflurane 
concentration adjusted to maintain RE at 45 (Feld et al. 2006). BIS, RE, and EMG were 
evaluated during surgical stimulation. Fifteen of the 40 patients showed activation of RE 
above 60 during surgery also in addition to increased EMG and BIS. In 31 patients with 
propofol-nitrous oxide and propofol-remifentanil anaesthesia without neuromuscular 
blockers, the responsiveness of RE-SE and EMG to the noxious stimulation was evaluated 
(Aho et al. 2009). RE, SE, and RE-SE increased during intubation, and elevated RE was 
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followed by increased SE values, implying that RE-SE difference is not a good indicator of 
nociception. Another study (Aho et al. 2011) recorded EEG, EMG, and entropy values 
simultaneously in 38 patients before and after skin incision. It also studied the effect of 
rocuronium on EMG arousal. EEG arousal was classified as increase in the β and δ pattern 
activity. Both β and EMG arousals increased SE and RE. A significant increase in RE-SE 
values was only seen in patients without rocuronium. Thus, neither the RE-SE difference 
nor RE alone has been proven as predictors of nociception and analgesia level during 
general anaesthesia in clinical studies. Seitsonen et al. (2005) examined the relationship 
between motor reactions and physiological EEG, ECG, and photoplethysmography 
variables during skin incision in sevoflurane anaesthesia. The authors suggested that a 
combination of information from different sources may be required for monitoring the 
adequacy of analgesia during anaesthesia. The spectral entropy of EEG has been used in the 
development of the response index of nociception (Rantanen et al. 2006). This 
multiparameter approach combined photoplethysmographic waveform, SE, RE, and HRV 
to detect noxious stimuli during surgery. Later on it was further developed into a surgical 
stress index (SSI), which uses only information from the phtoplehtysmography (Huiku et 
al. 2007). 
2.4.5.2 Assessment of nociception during general anaesthesia 
Monitoring of pain perception during general anaesthesia, nociception, is challenging. 
Continuous interaction between analgesic and anaesthetic drugs during general 
anaesthesia has made it difficult to monitor separately hypnosis and analgesia. Autonomic 
signs such as tachycardia, hypertension, sweating and lacrimation are not specific 
responses to nociception and in the past years the multimodal monitoring including 
information from haemodynamic parameters, EEG, and pulse plethysmography was 
developed to monitor analgesia. Other monitoring methods such as activation of frontal 
facial muscles (Hynynen et al. 1985), changes in the skin conductance (Storm et al. 2002), 
suppression of the photoplethysmographic pulse amplitude (Seitsonen et al. 2005, 
Korhonen and Yli-Hankala 2009) have also been proposed to assess nociception during 
general anaesthesia.  
   The surgical stress index, a numerical parameter of the level of surgical stress delivered 
from heart beat interval and photoplethysmographic pulse wave amplitude (PPGA) has 
been proposed as a simple numerical measure of the surgical stress by Huiku and 
colleagues (2007). SSI was validated during propofol-remifentanil general anaesthesia, and 
reacted to surgical stimulation and changes in analgesic drug concentration (Huiku et al. 
2007). SSI was evaluated in thirty gynaecological patients receiving randomly esmolol and 
remifentanil before surgical stimulation (Ahonen et al. 2007). In the esmolol group SSI 
reacted to the skin incision and was higher after trocar insertion. Authors concluded that 
SSI seems to reflect the level of surgical stress and may be helpful to guide the use of 
opioids during general anaesthesia. Changes in a SSI in response to surgical stimulation 
during propofol-remifentanil anaesthesia was compared with spectral entropy parameters, 
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HR, and PPGA in forty ASA I patients (Struys et al. 2007). SSI was better as a measure of 
nociception-antinociception balance than SE, RE, HR, and PPGA. In the twenty six patients 
undergoing shoulder surgery with plexus block and general anaesthesia the performance of 
SSI was compared with patients without plexus block. SSI was lower in the patients with 
plexus block and it was better in detecting nociceptive stimuli than HR, blood pressure and 
response entropy (Wennervirta et al. 2008). In the pilot study by Chen and colleagues 
(2010), SSI-guided analgesia was compared with standard clinical practice in eighty 
patients under general anaesthesia for ear, nose and throat surgery. In the SSI-guided 
group less remifentanil was administered and also less haemodymanic instability and 
movement during surgery was noticed compared with the standard practice group. In the 
interesting study by Ilies et al (2010), SSI performance as a measure of nociception-
antinociception balance was compared under spinal and general anaesthesia. In awake 
patients under spinal anaesthesia, SSI did not reflect the analgesia balance, probably due to 
influence of patient mental stress on sympathetic nervous system. The authors concluded 
that SSI is not only affected by the nociception stimulus, but also by the depth of 
anaesthesia or sedation.  
   Recently SSI was renamed as the Surgical Pleth Index™ (SPI). SPI index was evaluated in 
thirty three patients undergo intracranial neurosurgery (Bonhomme et al. 2011). Patients 
were randomly assigned to three different remifentanil concentration groups. SPI was 
compared with MAP and HR. An influence of intravascular volume status on SPI was also 
studied. The performance of the SPI during noxious stimulation due to a neurosurgical 
head holder was comparable with that of MAP and HR. Low intravascular volume status 
and chronic treatment of hypertension lowered PSI response to stimulation. In the study of 
Hans et al. (2012) during stable anaesthesia and surgery, SPI also changed in response to 
fluid therapy, through pulse wave amplitude modifications by intravascular volume status. 
Hence, there are confounding factors in the interpretation of SPI as a measure of the 
nociception-anti-nociception balance during general anaesthesia. 
   The more sophisticated multiparameter approach for the nociception measurement was 
developed by the same research group (Rantanen et al. 2006), which was working also with 
SSI. In the Rantanen study, it first was estimated which haemodynamic and EEG 
parameters reflected the nociceptive–anti-nociceptive balance. HRV, RE, RE-SE and 
photoplethysmography were the best predictors of the Clinical Signs-Stimulus-
Antinociception score system. Those parameters were used to develop an algorithm for 
response index of nociception (RN) calculation. The RN index is scaled from 0 to 100. In 
sixty patients under general anaesthesia for gynaecological surgery, RN index was 
evaluated during noxious stimulation and the pre- and after event values were compared 
(Sarén-Koivuniemi et al. 2011). An increase in the RN index was associated with patient 
movement and the index also increased after intubation and skin incision. 
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2.5 ASSESSMENT OF THE SEDATION LEVEL IN THE ICU 
Patients undergoing intensive care can experience high amounts of stress from invasive 
monitoring, artificial ventilation, and the ICU environment itself, so sedation is an essential 
part of ICU treatment. Seventy per cent of ICU patients suffer from anxiety and distress 
during the ICU stay (Fraser et al. 2000), and more than 80% of patients under mechanical 
ventilation may develop delirium in the postoperative phase of treatment (Ely et al. 2001). 
Twenty two per cent of ICU patients (8-51%) developed Posttraumatic Stress Disorder 
(Davydow et al. 2008).  
   Sedation is defined as diminished cognitive function (cortical activity) with intact 
respiratory and cardiovascular function (Brown et al. 2010). The goal of ICU sedation 
according to Society of Critical Care Medicine guidelines recommendations (Jacobi et al. 
2002) is tranquil and painless patient with possibility of communication.  One retrospective 
study evaluated the use of sedatives and NMBA drugs during mechanical ventilation of 
over 5000 patients across numerous ICU settings (Arroliga et al. 2005). Sixty-eight per cent 
of these patients received sedation during mechanical ventilation, and 13% received NMBA 
drugs during treatment. In a large, multicentre study of sedation practice on 1381 adult 
patients across 44 French ICUs, 57% were deeply sedated on day 2 and 41% on day 6 
(Payen et al. 2007). The guidelines of ICU sedation (Shapiro et al. 1995, Jacobi et al. 2002) 
recommend the use of bolus sedatives or sedatives in regular intervals if they are required, 
but quite often, continuous infusion is used (Hansen-Flaschen et al. 1991). The most 
frequently used drugs in Europe are benzodiazepines (midazolam, diazepam, and 
lorazepam), haloperidol, and propofol for sedation, and morphine and fentanyl for 
analgesia (Soliman et al. 2001). Dexmedetomidine is a new, promising, highly selective 
alpha-2 agonist for ICU sedation, which offers good anxiolysis without respiratory 
depression (Ruokonen et al. 2009).  
   In critically ill patients, sedation is sometimes used for a long time and thus prolongs the 
patient’s mechanical ventilation and ICU stay. In a study by Kollef et al. (1998) which 
included 242 ICU patients requiring mechanical ventilation, 93 received continuous i.v. 
sedation while 149 (61.6%) patients received either a bolus administration of i.v. sedation (n 
= 64) or no i.v. sedation (n = 85). The duration of mechanical ventilation was significantly 
longer for patients receiving continuous i.v. sedation compared with patients in the no-
sedation group. Brook et al. (1999) randomly assigned 321 mechanically ventilated patients 
to the sedation protocol group with Ramsay sedation score 3 or to the standard sedation 
group. In the protocol group, the median duration of mechanical ventilation was 
significantly shorter (55 vs. 119 hours), and ICU and hospital stays were also shorter than 
the stays of the standard sedation group. In the randomised, controlled trial by Kress and 
colleagues (2000), 128 adult patients who were receiving mechanical ventilation and 
continuous infusions of sedative drugs were randomised into two groups of sedation 
protocol. In the intervention group, the sedative infusions were interrupted daily until the 
patients were awake. In the control group, the infusions were interrupted only at the 
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discretion of the clinicians. The daily interruption in the sedation decreased significantly 
the duration of artificial ventilation (4.9 vs. 7.3 days) and ICU stay (6.4 vs. 9.9 days) 
compared with control group. After this study, the daily interrupted sedation protocol was 
implemented to clinical practice in the ICU setting. Since the sedation protocol’s 
implementation in the ICU practice, many studies have proven this sedation’s aid in 
weaning time and ICU length of stay (Jakob et al. 2007). In a large, randomised 
“Awakening and Breathing” controlled trial with 336 ICU patients (Girard et al. 2008), 
patients in the group with daily interruption of sedatives with spontaneous breathing trials 
spent more days breathing without assistance (14.7 days vs. 11.6 days), and were 
discharged from intensive care (9.1 days vs. 12.9 days) and from the hospital earlier (14.9 
days vs. 19.2 days). The reduction of costs has also been reported with the use of protocol 
sedation management (Mascia et al. 2000).  
   According to those studies, appropriate ICU sedation plays an important role in the 
critical care practice, but the problem is that there is still no true gold-standard method for 
monitoring the depth of sedation. In daily practice, the level of sedation is assessed by 
using clinical scoring systems that classify the patient’s response to a command or to 
painful stimulus. However, the predictive value of scores is limited due to many 
confounding factors, such as motor deficit, altered states of consciousness, and inter-rater 
variation in interpretation. Since sedation is basically a depression of the functioning of the 
CNS, methods measuring CNS function are the ones most likely to be related to the depth 
of sedation. EEG-based monitoring has been tested during ICU sedation, but the results of 
these studies are ambivalent. The next chapters present the different methods of sedation 
assessment.  
 2.5.1 Clinical methods of sedation assessment 
The assessment of a patient’s level of sedation is a routine practice in patient treatment in 
the ICU. Clinical experience shows us that some ICU patients during treatment need very 
deep sedation to tolerate mechanical ventilation while others are comfortable without 
sedation or light sedation. Over-sedation causes the problems described in the previous 
chapter and is more difficult to assess than under-sedation. The use of clinical sedation 
scores allow clinicians to estimate the intensity of deep sedation so that they can change 
doses of sedation drugs. The ideal sedation scoring system should be simple to use, non-
invasive, and sensitive to different sedation drugs. For more objective and consistent 
assessment, 25 different clinical scoring systems were developed that use patients’ clinical 
responses to verbal comments and pain stimulation (De Jonghe et al. 2000). The Glasgow 
Coma Scale (GCS) was the first one developed to assess the level of consciousness of 
trauma patients using ocular, verbal, and motor activity, but it cannot be used for intubated 
patients and thus is not useful for assessing sedation in ICU practice. The most popular 
sedation scales used in ICU sedation assessment are presented in Table 9. 
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Table 9. Sedation score scales. 
 
Ramsay Sedation Score (RS) (Ramsay et al. 1974) 
Sedation Agitation Scale (SAS) (Riker et al. 1999)  
Vancouver Interactive and Calmness Scale (VICS) (de Lemos at al. 2000) 
Richmond Agitation-Sedation Scale (RASS) (Sessler at al. 2002) 
Adaptation to Intensive Care Environment (ATICE) instrument (De Jonghe at al. 2003)  
Minnesota Sedation Assessment Tool (MSAT) (Weinert at al. 2004) 
 
The Ramsay score was widely use in ICU to assess patient’s mental status and sedation. Six 
levels of sedation are formulated: 3 levels when the patient is awake, and 3 levels when the 
patient is sedated (Table 10). 
 
Table 10. Ramsay sedation scale. 
 
             Patient description 
1. Anxious and agitated 
2. Awake and cooperative, tranquil 
3. Respond to verbal commands 
4. Brisk response to a light glabellar tap or loud auditory stimulus 
5. Sluggish response 
6. No response 
  
The Richmond Agitation-Sedation Scale is a well validated score and mostly used in the 
sedation assessments of ICU settings. The RASS score ranges from +4 to -5 and relates to 
patients’ behaviours. The RASS is followed by an assessment of response to voice (score -1 
to -3) and then an assessment of response to physical stimulation, such as shaking the 
shoulder. If the patient does not respond to the shake, then the clinician rubs the sternum 
(score -4 to -5). In the large, multicentre, prospective cohort study of 313 patients receiving 
mechanical ventilation, the RASS demonstrated excellent inter-rater reliability with the 
Ramsay score, and the RASS was superior to the GCS. RASS also correlated well with the 
attention screening examination (r = 0.78), successful extubation, and BIS scores (r = 0.63, 
Ely et al. 2003). The degrees of RASS are presented in Table 11. 
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Table 11. Richmond Agitation-Sedation Scale. 
 
Score                      Patient description 
 
  
+4   Combative        Overtly combative or violent, immediate danger to staff 
+3   Very agitated    Frequent non purposeful movement or ventilator dys-synchrony 
+2   Agitated           Anxious or apprehensive but movements not aggressive or vigorous     
 0    Alert and calm 
-1    Drowsy      Not fully alert, with eye contact to voice                                                              
-2   Light sedation         Briefly (<10 seconds) awakens with eye contact to voice 
-3   Moderate sedation   Any movement (but no eye contact) to voice 
-4   Deep sedation         No response to voice, but any movement to physical stimulation 
-5   Unarousable           No response to voice or physical stimulation 
 
 
The problem with the RASS scale (and other sedation scales) is that the ratings come from 
subjective assessments of sedation according the patient response to voice or pain 
stimulation. When the patient receives neuromuscular blocking drugs, is having 
disturbances in consciousness, or is deeply sedated, the uses of these scales are limited. 
Thus, EEG-based monitors, which are used during anaesthesia, have been under active 
research in ICU sedation assessment (LeBlanc et al. 2006).  
2.5.2 EEG-based monitoring of ICU sedation 
The EEG is sensitive to sedation drugs used in the ICU. Thus the EEG-based monitoring of 
sedation, AEP, BIS, and entropy were under active research as objective tools for 
assessment of ICU sedation. Regrettably, the use of these monitors in ICU sedation has 
disappointed investigators, and there are no studies demonstrating that the use of EEG-
based monitors in ICU sedation improves outcomes and quality of sedation (LeBlanc et al. 
2006).  
2.5.3 Auditory evoked potentials and ICU sedation 
AEPs were the first EEG-based monitors tested in studies on ICU sedation. AEPs were 
recorded in paralysed patients with mechanical ventilation before, during, and after 
physiotherapy. The Nb latency responded to patient arousal during the procedures at 
constant levels of sedation (Sneyd et al. 1992). A neurophysiological study (Schulte-
Tamburen et al. 1999) compared AEP with five different scoring systems. The Ramsay score 
correlated best with the Nb latency of AEP. Nevertheless, the Ramsay score’s correlation 
was poor with the light levels of sedation, so AEP can only be recommended for patients 
under deep levels of sedation. Lu et al. (2008a) compared the AAI index to the BIS index 
during ICU sedation in 38 patients after administration of muscle relaxant. The AAI index 
(34 vs. 15) and BIS (58 vs. 44) both decreased significantly after the patients received 
neuromuscular blocking drugs, demonstrating that the electromyographic activity of the 
forehead muscles influenced the AAI and BIS values. In 77 critically ill children, the AEP 
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index and BIS were compared with the Ramsay sedation scale without muscle paralysis 
(Lamas et al. 2008). They found a moderate-to-good correlation and agreement between the 
clinical scale and BIS as well as the AEP index. In a study of 90 patients during short 
sedation after major surgery, the auditory evoked potential (AAI index) and BIS monitors 
revealed an acceptable correlation with the Ramsay sedation scale, but both were 
significantly influenced by EMG activity (Lu et al. 2008b). The authors concluded that they 
can be used to measure sedation in the paralysed patient and can be used during deep 
sedation when sedation scores are not reliable. In the von Dossow et al. (2009)  study 
evaluating the correlation and agreement between the BIS or AAI and a Ramsay score in 
the 40 patients after cardiac surgery, both BIS and AAI correlated well with RS overall and 
also at different levels of sedation. The long-latency auditory-evoked potentials as an 
electrophysiological monitoring of ICU sedation state were also tested. They can monitor 
sedation with midazolam, but not with dexmedetomidine (Haenggi et al. 2006). 
2.5.4 Bispectral index and ICU sedation 
The goal of ICU sedation is a light state of sedation level with tranquil and arousable 
patients. At this level of sedation, BIS cannot function properly because of EMG artefacts. 
Simmons et al. (1999) studied BIS and SAS during sedation for mechanical ventilation 
under neuromuscular blockade. They discovered that BIS performed well as a monitor of 
sedation, but it is important to note that their study’s patients were in deep sedation. In the 
Nasraway et al. (2002b) study, only a moderate correlation (0.5) between BIS and SAS was 
detected. In 45 patients who required muscle relaxation during ICU treatment under 
sedation guided by the SAS, Vivien et al. (2003) measured BIS before and after NMBA 
administration. They found a significant decrease in the BIS values (67 vs. 43) after the 
administration of NMBA. They concluded that high muscular activity in the non-paralysed 
patient is a confounding factor during BIS sedation monitoring and that BIS can 
overestimate the sedation level. The same results and conclusions were made in a study of 
BIS under midazolam and isoflurane ICU sedation (Sackey et al. 2007). BIS does not reliably 
predict sedation depth as measured by clinical evaluation in non-paralysed ICU patients 
and also a strong correlation between BIS (0.75) and EMG was found. In the recent study by 
Dahaba et al. (2012) BIS was measured before and after reversal of NMBA drugs with 
sugammadex or neostigmine. BIS increased only in patients with EMG activity before 
reversal of the NMBA. In the randomised study by Weatherburn et al. (2007) in 
mechanically ventilated patients with midazolam and morphine sedation, BIS monitoring 
did not reduce the amount of sedation used, the length of mechanical ventilation time, or 
the length of ICU stay.  
2.5.4.1 BIS and sedation scales 
In the study by Arbour et al. (2009), also only a moderate correlation (0.52) was detected 
between BIS and SAS scale in the 40 mechanically ventilated patients. However, Arbour 
and colleagues also did notice a strong correlation between BIS and EMG (0.75). The 
authors concluded that BIS values during ICU sedation should be interpreted with caution, 
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because EMG activity and other factors seem to confound BIS scores. Many reports have 
demonstrated large variability and overlap in BIS values at distinct depths of sedation and 
that BIS is not independent of drugs used (Iselin-Chaves et al. 1998, Mi et al. 1999, 
Lysakowski et al. 2001). When a single drug is used, the BIS may provide a reliable 
monitoring for sedation, while administration of opioids together with hypnotics may 
substantially change the predictive value of the BIS (De Deyne et al. 1998). One possible 
explanation for this may be that small doses of opioids produce minimal 
electrophysiological alterations that change the BIS values. In the article by LeBlanc et al. 
(2006), they reviewed BIS during ICU sedation in 19 studies that compared BIS with 
sedation scales. The interpretation of data was difficult and randomised, controlled trials 
demonstrating improved outcomes with BIS monitoring have not been reported. Authors 
recommended that further studies with BIS are needed to determine the optimal method of 
obtaining BIS data and evaluating the impact of BIS on relevant patient outcomes. 
Therefore, the role of BIS monitoring in the ICU has yet to be determined.  
   Any frontal EMG activity during BIS monitoring can disturb the BIS index values by 
producing artefacts in the EEG at frequencies over 30 Hz, but in the new BIS VISTATM 
monitor algorithm should eliminate artefacts from the EMG activity. In a recent study 
(Karamchandani et al. 2010), The ability of BIS to assess sedation level during propofol-
fentanyl-based sedation during mechanical ventilation in the ICU and correlation with 
RASS was evaluated. The good correlation (0.56) between BIS and RASS was found with 
the median BIS value of 56 (42-89) and a RASS scale from 0 to -3. The BIS index of 70 
demonstrated high sensitivity (85%) and specificity (80%) while differentiating adequate 
sedation from deep sedation. In the a prospective observational trial (Ogilvie et al. 2011) in 
94 mechanically ventilated trauma patients sedated with propofol alone or in combination 
with midazolam, BIS, RASS, EMG, and HRV , as a test of autonomic function, were 
measured for 45 minutes during daily spontaneous awakening trials. BIS was not altered by 
age, heart rate, or HRV and was similar with propofol alone or propofol plus midazolam, 
but the presence of brain injury or the use of NMBA drugs influenced the BIS values. BIS 
was reliable and has advantages over RASS with sensitivity: 90% versus 77% (p = 0.034) and 
specificity: 90% versus 75% (p = 0.021) in patients without NMBA agents. 
2.5.5 Spectral entropy and ICU sedation  
Mahon et al. (2008) evaluated spectral entropy values during moderate propofol sedation in 
healthy adult patients. They assessed sedation level with the AAOS scale and multichannel 
EEG monitoring. A statistically significant decrease in SE and RE values was demonstrated 
in patient/time units in which clinical or EEG evidence of sedation was present, so they 
concluded that spectral entropy offers potential as a monitor of propofol-induced sedation. 
Hernandez-Gancedo et al. (2007) went deeper by evaluating the correlation between the 
Ramsay sedation scale, BIS, and entropy values during ICU sedation in the postoperative 
period. The median values of RS was 6 (deep sedation), and the mean values of SE 53 ± 27, 
RE 60 ± 30 and BIS 62 ± 24. SE (0.71) and BIS (0.78) correlated well with Ramsay deep 
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sedation level; therefore, the authors concluded that entropy is not superior to BIS for the 
assessment of sedation. In the study by Maksimow et al. (2007), the utilisation of an entropy 
monitor with the dexmedetomidine-induced sedation was evaluated. The Entropy 
decreased from 76 +/-8 to 43 +/-10 (p < 0.001) after loss of consciousness, and increased from 
14 +/-4 to 63 +/-13 (p < 0.001) upon regaining of consciousness. Haenggi et al. (2008) used 
BIS and entropy during the sedation of 44 ICU patients guided by the Ramsay scale. They 
detected that unpleasant or painful stimulation procedures are associated with changes in 
BIS and entropy values. However, clinical indications for drug administration were not 
reflected by these electroencephalographical parameters, and barely by sedation level 
(Ramsay score) before drug administration or tracheal suction. They concluded that this 
finding precludes incorporation of entropy and BIS as target variables for sedation and 
analgesia protocols in critically ill patients.  
   Walsh and colleagues (2008) used the spectral entropy module and Ramsay sedation scale 
in 30 intubated and mechanically ventilated patients to assess the depth of sedation. During 
light sedation (Ramsay 3-4), wide variations were detected, which were caused by the 
frontal EMG. They concluded that entropy values do not discriminate light sedation levels 
well, and a major confounding factor is EMG activity. In the healthy volunteers (Haenggi et 
al. 2009a) sedated by midazolam/remifentanil or dexmedetomidine/remifentanil, a large 
inter-individual variation of BIS-index and entropy was found. Entropy values showed 
greater variability than did BIS index values, and the variability was greater during 
dexmedetomidine/remifentanil sedation than during midazolam/remifentanil sedation. 
Inter-individual variability of BIS and entropy values in sedated volunteers makes the 
determination of sedation levels by processed EEG variables impossible. The same research 
group studied the use of the BIS, entropy, and early auditory response potentials for the 
discrimination of sedation levels assessed by RASS during the propofol/remifentanil 
postoperative sedation in the ICU (Haenggi et al. 2009b). Their conclusion was the same as 
in their previous study; the high inter- and inter-individual variability of entropy and BIS 
precludes define a target range of values to predict the sedation level in critically ill patients 
by using these parameters.  
   The responsiveness index (RI) is a new promising sedation assessment method that use 
the patients’ frontal EMG responses (Walsh et al. 2011), is. In a study of 30 ICU patients, the 
new algorithm of frontal EMG, RI was compared with the Ramsay score and spectral 
entropy. RI correlated well with the Ramsay category, and discrimination between 'lighter' 
vs. 'deeper' (Ramsay 1-3 vs. 4-6) was good for general ICU patients (P(k)=0.80) and excellent 
for cardiac surgery patients (P(k)=0.96). In this study RI performance as a measure of 
sedation level was significantly better than entropy. 
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2.6 ANAESTHESIA FOR CARDIAC SURGERY 
Cardiac surgery patients with impaired cardiac function and comorbidities are vulnerable 
to haemodynamic compromise during anaesthetic administration (Kertai et al. 2012). For 
over three decades, high doses of opioid anaesthesia were used for cardiac surgery to 
prevent haemodynamic instability and myocardial depression with ischemia (Lowenstein 
et al. 1969). Morphine, fentanyl or alfentanil (Hynynen et al. 1986a and 1986b) in large doses 
were predominantly used and resulted in prolonged ICU stay after cardiac surgery 
(Mangano et al. 1992). It was also believed that in the postoperative period, the high-dose 
opioid analgesia in the ICU protected patients from heart ischemic episodes. For example, 
in the Mangano trial (1992), the analgesic and sedative-hypnotic medications (morphine vs. 
sufentanil) were discontinued at 18 hours following myocardial revascularisation.  
   The introduction of fast track cardiac anaesthesia (FTCA) (Silbert et al. 1998) with the use 
of short-acting opioids with propofol (Ahonen et al. 2000) as well as volatile anaesthetics or 
midazolam maintenance, allows clinicians to reduce ICU and hospital stay and to reduce 
cost (Cheng et al. 1996a, 1996b and 1998). In a broad, retrospective, cohort study (Svircevic 
et al. 2009) of 7989 patients undergoing cardiac surgery, the FTCA was compared with a 
historical control group of high-dose opioid anaesthesia. The primary endpoint was the 
incidence of in-hospital mortality and incidence (as secondary outcomes) of myocardial 
infarction, stroke, and renal failure. There was no increased risk of adverse outcomes in 
either anaesthesia management group, and the FTCA was a safe method for the 
management of patients undergoing a wide variety of cardiac operations. The FTCA is also 
safe anaesthetic management method in terms of intraoperative awareness. In (1998) 
clinical trial by Dowd et al. in 617 patients undergoing cardiac surgery with FTCA, the 
incidence of awareness was only 0.3%. The authors concluded that this low incidence of 
awareness may be related to the use of a balanced anaesthetic technique involving the 
continuous administration of volatile (isoflurane) or intravenous (propofol) anaesthetic 
agents before, during, and after cardiopulmonary bypass. The new, short-acting opioid 
remifentanil has also been employed in cardiac surgery anaesthesia with no adverse 
complications (Möllhoff et al. 2001).  
   The incidence of major, neurological complications after cardiac surgery, such as stroke, is 
estimated between 0.9-5.4 % (Ahlgren and Aren 1998). Mild complications such as transient 
ischemic attack, neuropsychological impairment, patient confusion, and patient delirium all 
range from 28% to 79% (Roach et al. 1996, Wolman et al. 1999). They are probably related to 
the reversible brain oedema that CT scans can detect immediately after a cardiopulmonary 
bypass (Harris et al. 1993). From the beginning of cardiac surgery, the EEG monitoring was 
used during the operation to recognise and prevent brain ischemia, hypoxia, or other 
pathological situations (Stump 1999). In 61 patients undergoing cardiac bypass surgery 
(Toner et al. 1997), the changes in the EEG monitoring were only transient and did not 
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correlate with the neurological deficit occurring after the operation. In the study by Bashein 
and colleagues (1992), they discovered a weak association between intra-operative EEG 
deficit and early neurological outcome as well as no relation with late outcomes. Roach and 
colleagues (1999) studied the neuroprotective effect of the burst suppression pattern in the 
EEG during cardiac surgery and this pattern’s correlation with neurological deficit in the 
post-operative period. Two hundred and twenty patients undergoing cardiac valve 
replacement with CPB were randomly assigned to the group with a burst suppression 
pattern in the EEG during surgery or to the control group. The burst suppression pattern in 
the EEG did not significantly reduce the incidence or severity of neurologic or 
neuropsychological dysfunction compared to the control group. The study of Morimoto et 
al. (2005) suggested that the use of BIS and raw EEG may be useful for detecting brain 
ischemia during cardiac surgery, especially when the insult is sudden and located in the 
frontal area. BIS was used the detect the cerebral hypoperfusion and ischemia undergoing 
the awake carotid endarterectomy suggesting that sudden BIS decrease may correlate with 
clinical cerebral ischemia (Estruch-Perez et al. 2010a and 2010b) but another study 
(Deogaonkar et al. 2005) showed no relationship between low BIS and cerebral ischemia. 
Bonhomme at al. (2007a) in the study in patients undergoing carotid endarterectomy with 
TIVA and BIS monitoring showed that carotid cross-clamping under constant level of 
anaesthesia may increase, decrease or remain unchanged the BIS values. For this reason, the 
use of the EEG and BIS during cardiac surgery to monitor brain ischemia is only employed 
for research purposes, and techniques that are more sophisticated are used in practice, such 
as near-infrared spectroscopy, which can monitor the haemoglobin saturation in the brain 
tissues during anaesthesia for cardiac surgery (Nollert et al. 1998).  
2.6.1 Hypothermia, cardiopulmonary bypass and EEG-based monitoring 
The institution of cardiopulmonary bypass during cardiac surgery cause changes in the 
CBF and in cerebral metabolism. The priming solution use in the CPB machine led to 
thermodilution of blood, reduction in the blood’s viscosity, and increase in the CBF (Stump 
et al. 1999), and decreases the delivery of oxygenated haemoglobin to the brain. The CPB is 
a non-physiological procedure, and non-pulsatile pump perfusion is associated with an 
increase in the vascular resistance and results in microcirculatory collapse in the cerebral 
cortex. The use of extracorporeal circulation and blood contact with artificial surface 
initiated activation of systemic inflammatory response. This may cause microemboli 
formulation, which leads to neurological complications (Stump et al. 1999). The hypo- and 
hypercapnia causes vasoconstriction and vasodilatation in the brain vessels and changes in 
the EEG (Hänel et al. 1998). CPB alters the pharmacokinetics and pharmacodynamics of 
drugs resulting in drug concentrations changes (Hammaren et al. 1996, Bailey et al. 2009). 
Thiopentone (Hynynen et al. 1989) and propofol sequestration within the extracorporeal 
circuit in vitro was detected which may affect plasma propofol concentration in vivo 
(Hynynen et al. 1994a). The changes in the unbound fraction associated with significant 
changes in plasma total and unbound concentrations of alfentanil during CPB was also 
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reported (Hynynen et al. 1994b).  
   The priming solution and thermodilution may decrease blood anaesthetic concentration 
as well as BIS values. The sudden elevation of BIS after initiation and termination of CPB 
were reported by Puri and Murthy (2003) and by Vretzakis et al. (2006). In 11 patients 
scheduled to undergo heart surgery under extracorporeal circulation, the anaesthesia was 
maintained by intravenous administration of propofol combined with remifentanil and a 
BIS monitor (target BIS value: 40-45). Raw EEG signals were collected through the BIS 
monitor (Hayashi et al. 2010). In the late hypothermic CPB period, the EEG often expresses 
a slow EEG rhythm accompanied by disproportional de-synchronous characteristics, which 
are not quantifiable by the BIS algorithm. The surgical procedures, such as aorta cross 
clamping, result in the EEG slowing due to hypotension (Puri and Murthy 2003). All of 
these factors may produce alterations in the EEG and in the EEG-based monitoring of 
anaesthesia.  
   Hypothermia is used during the cardiac surgery in order to protect the brain. The use of 
mild hypothermia during cardiac surgery procedures evokes changes in the cerebral 
metabolic rate and in the EEG pattern (Doi et al. 1997a, Gugino and Yli-Hankala 2004). 
Temperature changes during CPB can result in EEG changes (Hett et al. 1995), and at 18° C, 
EEG becomes isoelectric with BIS values of 0 (Hayashida et al. 2007). The opposite effect 
was found during the re-warming phase of CPB (Hayashida et al. 2007, Ziegler et al. 2010). 
A one Celsius decrease in body temperature decreases BIS by 1.12 units (Mathew et al. 
2001). On the other hand, BIS does not change during normothermic cardiopulmonary 
bypass (Hirschi at al. 2000, Schmidlin et al. 2001). BIS-guided anaesthesia during CABG 
reduces the propofol consumption by 30% without effecting stress response measured as a 
blood concentration of catecholamines and interleukin 6 (Bauer et al. 2004). The findings in 
this paragraph pertain only to cardiac surgery features effecting anaesthesia depth 
monitoring. These features can lead to changes in the EEG indices without changes in the 
anaesthetic state. Active scientific research is required in this field to recognise all those 
specific situations. 
2.6.2 Postoperative sedation after cardiac surgery 
The primary reasons for measuring depth of sedation in the postoperative period after 
cardiac surgery are to improve patient care and to reduce recovery time. Sedation is used 
after cardiac surgery to allow haemodynamic stabilisation, and to avoid agitation with 
increased oxygen consumption during the period of re-warming. Any sudden increases in 
heart rate and blood pressure may have damaging consequences for the heart, as 
myocardial oxygen supply can cause arrhythmias, acute ischemia, and heart failure. Pain 
after cardiac surgery impairs coughing and thus leads to atelectasis. Cardiac surgery 
procedures with CPB involve mild hypothermia, and patients need time for re-warming 
after surgery. Too deep level of sedation can lead to prolonged recovery, circulatory 
problems with hypotension, and respiratory problems. Excessively deep sedation can also 
cause a delay in extubation and ICU discharge. In order to achieve the goal of adequate 
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sedation, anaesthesiologists must constantly evaluate level of sedation and adjust the 
therapy as necessary. Plaschke et al. (2010) detected delirium in 28% of 114 patients after 
cardiac surgery. The mean BIS during postoperative sedation was significantly lower in 
delirious patients (72 vs. 85) compared to non-delirious patients. In the raw BIS-EEG data, 
lower alpha and higher theta power was detected in the delirious patients. Moreover, a 
significant correlation was found between the plasma stress hormone cortisol level and the 
BIS. 
2.7 REFRACTORY STATUS EPILEPTICUS IN THE ICU 
Status epilepticus is a rare syndrome with a prevalence of 18 patients per 10000 within a 
population. It is associated with high mortality rates, if not treated aggressively (Legriel et 
al. 2008, Drislane et al. 2009). The symptoms of status epilepticus are unconsciousness, 
tonic-clonic seizures, and urinary incontinence. If the seizures persist for longer than 30 
minutes or come in repeated intervals when the patient is not conscious and not 
responding to the first and second line epileptic drugs, then emergency treatment in the 
ICU is necessary (Lowenstein et al. 1990, Kälviäinen et al. 2005, Meierkord et al. 2006). 
During the persistent seizures, the brain blood pressure regulation, intracranial pressure, 
and CBF are disturbed, so oxygen delivery to brain tissues may be insufficient and can lead 
to brain damage (Treiman et al. 1990). The mortality associated with status epilepticus is 
about 10% (Hauser 1990, Towne at al. 1994). Continuous EEG (cEEG) monitoring is 
required to assess the diagnosis and to detect non-convulsive status epilepticus, complex 
partial or subtle status epilepticus (Meierkord et al. 2006). During treatment, cEEG is also 
indispensable for informing the anaesthesiologists about the depth of anaesthesia and 
duration of burst suppression. The availability of cEEG may be limited and the 
interpretation of cEEG requires the service of a neurophysiologist (Leira et al. 2004).  
2.7.1 Anaesthesia and goal of the treatment 
Treatment of refractory status epilepticus consists of general anaesthesia that aims to stop 
visible convulsions and epileptic activity in the EEG. The goal of anaesthesia is a deep coma 
with a burst suppression pattern in the EEG (Chen and Wasterlain 2006). The barbiturates 
(thiopental, phenobarbital, and pentobarbital) were the first used for anaesthesia in the 
treatment of RSE (Rashkin et al. 1987, Osario and Reed 1989, Parviainen et al. 2002, 
Claassen et al. 2002). The problem with treating RSE with barbiturates is that the 
barbiturates cumulate during long administration and cause prolonged emergency from 
coma and higher infection risk. Short-acting propofol and midazolam are also used for 
pharmacological comas in the treatment of RSE (Claassen et al. 2002, Rossetti et al. 2004, 
Parviainen et al. 2006).  
   The workshop with the first London Colloquium on Status Epilepticus (Shorvon et al. 
2008) provides the guidelines for RSE treatment. The document was approved by the 
Commission on European Affairs of the International League against Epilepsy. In this 
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document, the protocol for the in-hospital treatment of tonic-clonic RSE in adults is divided 
into three stages. In Stage I, a 4-mg i.v. bolus of lorazepam is recommended for the early 
status (0-10/30 min.), and this administration can be repeated. In Stage II, the phenobarbital 
i.v. infusion of 10mg/kg, the phenytoin i.v. infusion of 15mg/kg, the fosphenytoin i.v. 
infusion of 15 mg PE/kg, or the valproate i.v. infusion 25mg/kg can be used for established 
status (30/60-90 min.). If seizures continue after the first stage of treatment for 30-90 min the 
refractory status epilepticus treatment should be started in the ICU (Stage III). Propofol i.v. 
bolus of 2mg/kg is repeated if seizures persist, followed by continuous infusion of 5-10 
mg/kg/hour to maintain a burst suppression pattern in the EEG (usually 3-5 mg/kg/hour). 
To control the seizures in the ICU setting, the clinician can administer a thiopental i.v. bolus 
of 100-250 mg, followed by i.v. infusion to maintain BS on the EEG. Alternatively, the 
clinician can administer a midazolam i.v. bolus of 0.1-0.3 mg/kg, followed by continuous 
i.v. infusion (usually 0.05-0.4 mg/kg/hour). When seizures have been controlled with BS 
pattern on the EEG for 12 hours, the drugs’ dosages should be reduced over the next 12 
hours. If epileptic activity recurs in the EEG, the general anaesthetic agent i.v. infusion 
should be given again for another 12 hours. This cycle may need to be repeated every 24 
hours until seizure control is achieved.  
   In the recent literature review by Meierkord et al. (2010), they discussed the degree of the 
evidence of the management of status epilepticus in adults. The first line drug for the 
treatment of RSE is i.v. lorazepam at 4-8 mg or diazepam at 10 mg, directly followed by 18 
mg/kg of phenytoin. If the seizure continues, then clinicians can repeat the i.v. drugs. In the 
treatment of RSE, the barbiturates thiopental, propofol, and midazolam are recommended, 
but it is difficult to achieve burst suppression with midazolam (Meierkord et al. 2010). The 
propofol i.v. should be administered at an initial dose of 2-3 mg/kg, followed by continuous 
infusion at 4-10 mg/kg. Thiopental should begin with an i.v. bolus of 3-5 mg/kg and then be 
delivered in further boluses of 1-2 mg/kg until seizures are controlled. Once they are under 
control, a continuous infusion of thiopental at a rate of 3-7 mg/kg should achieve burst 
suppression on the EEG. The dose of midazolam required to achieve burst suppression is 
0.2 mg/kg with continuous infusion at rates of 0.05-0.4 mg/kg/h.  
2.7.2 Monitoring sedation depth during status epilepticus treatment 
Seizures result from imbalances between excitation and inhibition in brain cells as well as 
imbalances between neuronal synchrony and dys-synchrony. Cerebral cortex and thalamic 
reticular formation are involved in the synchronisation of cortex neurons and are 
implicated in the generation of seizures (Chen and Wasterlain 2006). Continuous EEG 
monitoring is required for diagnosis of RSE and during ICU treatment to guarantee 
electrophysiological suppression. Unfortunately, cEEG monitoring is not always available 
outside normal working hours. Also, a placement of EEG electrodes is a time-consuming 
procedure and requires the presence of specialised staff from the neurophysiological 
laboratory. Automatic classification and analysing method of epileptic EEG spikes has also 
studied but not yet incorporated in the EEG analysis (Kortelainen et al. 2010). 
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   Krishnamurthy and Drislane (1999) determined the depth of EEG suppression in 35 
patients with persistent seizures or who went into relapse of RSE after the taper of 
pentobarbital. Twelve patients were under burst suppression, and persistent seizure 
control was achieved in six of them. Twenty patients were under a very deep coma, and 17 
of those 20 patients exhibited a flat isoelectric EEG. However, isolated epileptiform 
discharges during the barbiturate coma did not correlate with the outcome in that study. In 
a study of 154 patients with RSE, epileptic activity persisted on the EEGs in 48% of the 
patients even after their clinical seizures were abolished (Delorenzo et al. 1999). In 117 
children admitted to the ICU with persistent seizures or unexplained decreases in mental 
status, 44% had seizures on cEEG (Jette et al. 2006). Of this group, 39% had non-convulsive 
seizures. Twenty-three per cent of all 117 children had status epilepticus which was in the 
89% of cases non-convulsive. The recent guidelines on the management of RSE in adults 
recommend administration of anaesthetic agents to achieve the burst suppression pattern 
in the EEG or even to achieve an isoelectric EEG (Meierkord et al. 2010). In the literature, 
there are a couple of case reports (Jaggi et al. 2003, Chinzei et al. 2004) in which the BIS was 
also used for the monitoring of anaesthesia depth during the treatment of status 
epilepticus. 
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3 Aims of the study 
The aim of this study was to evaluate and compare the utility of different EEG-based 
neuromonitoring methods during general anaesthesia for cardiac surgery, postoperative 
sedation in ICU settings and during anaesthesia for the treatment of status epilepticus.  
 
The purposes of the individual studies were: 
 
1. To evaluate the utility and applicability of MLAEPs during short-term sedation 
after cardiac surgery in the ICU, when the level of sedation was assessed by the 
Ramsay score. It was to assess whether graded changes in sedation induced by 
pre- and postoperative sedative drugs can be detected by any of the MLAEP 
components (study I). 
2. To test whether the parameters derived from EEG (MLAEPs and BIS) indicate 
similar states of anaesthesia during cardiac surgery with two different 
anaesthetic techniques, TIVA with propofol and alfentanil or balanced 
inhalation anaesthesia with isoflurane and alfentanil (study II). 
3. To evaluate the reliability of BIS in recognising the burst suppression pattern in 
the EEG in the treatment of RSE in emergency situations in the ICU (study III). 
4. To compare the primary metrics of the spectral entropy M-ENTROPY™ 
module and BIS VISTA™ monitor—i.e., BIS, SE, and RE—in terms of 
agreement and correlation during general anaesthesia for cardiac surgery. It 
was also hypothesised that RE would better reflect responses to surgical 
noxious stimulation (skin incision, sternotomy) than BIS, EMG, or 
haemodynamic parameters (study IV). 
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4 Patients and methods 
4.1 STUDY PATIENTS 
All four studies were approved by the Ethics Committee of Kuopio University Hospital 
according to the latest version of the Helsinki Declaration. Studies I and III were carried out 
in the Department of Intensive Care Medicine and studies II and IV in the Department of 
Anaesthesiology, Kuopio University Hospital. Informed written consent was obtained from 
all the patients in studies I, II, and IV or next of kin in study III. Inclusion criteria in studies 
I, II, and IV were as follows: age over 18 years, hearing threshold < 40 dB (study I and II), no 
history of neurologic or psychiatric disorders, no insulin-dependent diabetes mellitus, left 
ventricular ejection fraction < 40%, and no alcohol abuse or use of drugs affecting CNS. In 
study III, there were no exclusion criteria; all patients who were admitted to the ICU for the 
treatment of refractory status epilepticus were included. In studies I and II, only CABG 
patients were included. Study IV had the same inclusion criteria as I and II with the 
addition of cardiac valve surgery patients. Altogether, 103 patients were enrolled in the 
study, and after exclusions, data from 88 patients was analysed. The characteristics of the 
studies are shown in Table 12.  
Table 12. The characteristics of the study. 
 
     Study I Study II Study III Study IV 
Procedure 
Sedation after CABG Anaesthesia for CABG 
Anaesthesia for 
RSE 
Anaesthesia 
for cardiac 
surgery 
Monitoring       MLAEP MLAEP and BIS EEG and BIS 
Entropy and     
BIS 
Patients included (n)         30        28        12      33 
Patients excluded (n)          8         4         2       1 
Evaluated patients (n)         22        24        10      32 
Age, range (years)       41-75      47-79      32-66    46-78 
Anaesthesia      propofol 
propofol, 
isoflurane, 
alfentanil 
 propofol propofol, sufentanil 
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4.2 ANAESTHESIA, SEDATION PROTOCOL AND CARDIOPULMONARY 
BYPASS 
 
All cardiac surgery patients from studies I, II, and IV received premedication of diazepam 
at 0.2 mg/kg before surgery in addition to their routine β-blocker and nitrate medications. 
Anaesthesia induction and maintenance protocol for cardiac surgery was standardised in 
three studies (I, II, IV). For the induction of anaesthesia propofol (1.0-1.5 mg/kg), 
midazolam (0.1mg/kg), pancuronium (0.1 mg/kg) and alfentanil (100 μg/kg or 50 μg/kg) 
were used in studies I and II, and sufentanil (1.5 μg/kg) in the study IV. The TIVA was 
maintained with continuous infusion of propofol (2-8 mg/kg/hour) and opioids, alfentanil 
50 μg/kg/hour (Study I, II) and sufentanil 1.5 μg/kg/hour (Study IV). For the infusion of 
alfentanil , an open-loop plasma target controlled infusion pump system (RUGLOOP®, 
Ghent University, Ghent, Belgium) programmed via a microcomputer to control the 
infusion pump (JMS Syringe pump, SP-100, Hiroshima, Japan) was used in this study. The 
target plasma concentration of alfentanil was 300 ng mL -1   
   Isoflurane was given to one of two sub-groups of patients in study II at a minimum end-
tidal concentration of 0.2% to achieve a BIS value below 60. During the CPB the isoflurane 
was delivered by a gas vaporiser connected to the fresh gas flow of the cardiopulmonary 
bypass machine with a minimum end-tidal concentration of also 0.2%. 
   In study IV, the level of the neuromuscular blockade was tested with the train-of-four 
simulation mode, and the target was one, with an additional dose of pancuronium at 0.02 
mg/kg. 
   For the sedation protocol in study I, continuous infusion of propofol was used with an 
initial dose of 2 mg/kg/h, and the level of sedation was assessed with a Ramsay sedation 
score. Study III applied a predefined sedation protocol for RSE treatment in the ICU. 
Anaesthesia was induced via a bolus dose of 2-3 mg/kg of propofol until clinical seizures 
stopped. After the patient was intubated and mechanical ventilation was established, the 
continuous infusion of propofol at 4 mg/kg/h was started, and the bolus of 1-2 mg/kg was 
given every 3-5 min. until a BS pattern was achieved in the cEEG. Thereafter, the dose of 
propofol was maintained and continued for 12 hours. If the burst suppression pattern was 
not maintained, a bolus of propofol was given (1 mg/kg), and the infusion rate was 
increased by 1 mg/kg/h. After 12 hours of burst suppression in the EEG, the propofol 
infusion was tapered off by a 20% decrease every third hour. If epileptic activity again 
occurred in the EEG, the treatment protocol was started and maintained for another 12 
hours. If needed, patients received oxycodone (0.05 mg/kg) intravenously for analgesia.  
   The CPB procedure was standardised under mild hypothermia at 33-34 ° C according to 
our hospital guidelines. Non-pulsatile pump flow and membrane oxygenation (D903, 
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Avant®, Dideco, Italy) were used for CPB. The pump flow rate was kept at 2.5 lmin-1m -2 
under moderate hypothermia at 34 °C, the mean arterial pressure was between 60 and 80 
mmHg, and the patients received phenylephrine as needed. Myocardial protection during 
aortic cross clamping was achieved with a cold crystalloid cardioplegia solution infused 
intermittently and anterogradely. Systemic anticoagulation was produced with an initial 
dose of heparin at 3 mg/kg and with subsequent additional doses of heparin to maintain 
blood activated clotting time for a duration of > 480s. Afterwards, CPB heparin coagulation 
was neutralised with protamine sulphate 3 mg/kg. 
   For studies II and IV, all patients were interviewed on the first and second postoperative 
day in order to evaluate intraoperative awareness and recall. The interview featured a 
modified version of the Brice questionnaires (Ranta et al. 1996). Patients were asked the 
following five questions: 
1. What is the last thing that you remember before going to sleep for your operation? 
2. What is the first thing that you remember on waking up after your operation? 
3. Do you remember anything in between? 
4. Did you have any dreams during the operation? 
5. What was the most unpleasant thing you remember from you operation and 
anaesthesia? 
4.3 DATA COLLECTION 
 
To record the MLAEPs, in the study I, the AEP/EEG module included in the anaesthesia 
CS/3 monitor by Datex – Ohmeda Division, Finland was used. The Ag/AgCl electrodes 
were placed on the scalp according to the international 10-20 system, and the electrode 
places Fz, Cz, A1, A2, C3, C4, P3, and P4 were used. EEG was recorded in a bipolar fashion 
between electrodes A1-Fz, A2-Cz, C3-P3, and C4-P4. MLAEP was recorded from A1 and 
A2, which were both referred to Cz. EEG, MLAEP, haemodynamic data, and clinical 
annotations (sedation level and nursing procedures during recordings) were stored in an 
IBIS workstation (Eindhoven, Belgium). The workstation was connected to AS/3 
anaesthesia monitor, but not directly to the patient. Hearing function was tested in all 
patients with the audiometric test before baseline measurement. A two-channel MLAEP 
recording (Cz-M1 and Cz-M2) was performed using Ag/AgCl electrodes that were placed 
at the vertex (Cz) and on both mastoids (M1 and M2). The grounding electrode was placed 
on the forehead (Fpz). Binaural auditory stimulation was given at 70 dB above the hearing 
threshold using earphones with a stimulation rate of 7.1 Hz. The duration of each 
condensation click was 100 s, the signal was digitised at 2400 Hz, and the band pass was 
filtered (0.5-1000 Hz). A total of two hundred responses were recorded and averaged. 
Electrode skin impedances were maintained below 5 kΏ. The AEP/EEG module has a built-
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in artefact rejection algorithm that precludes the display of the AEP curves if the algorithm 
detects significant artefact. During the baseline measurement, the recording was performed 
in steady conditions (patients’ eyes closed, quiet room, and relaxed yet not allowed to fall 
asleep). The neuromonitoring measurements included the two EEG channel MLAEP 
recordings and were performed five times: the day before operation, one hour before 
operation after premedication, after operation in the ICU during deep level of sedation 
(Ramsay score 6), during moderate sedation (Ramsay score 4), and on the day after surgery. 
The identification of AEP peaks and measurements of latencies and amplitudes were 
performed by Heidi Yppärillä. Latencies of Na, Pa and Nb were marked as well as peak-to-
peak amplitudes of Na-Pa and Pa-Nb by using the AEP score software by the Institute of 
Information Technology, Tampere, Finland. Picture 1 shows the Datex-Ohmeda module 
use in the study protocol. 
 
 
                                                                                                      
 
 
    
Picture 1. 1. The Datex-Ohmeda EEG and AEP module used in the AS/3 anaesthesia monitor. 2. 
Headbox ; 3. Leadset; 4. AEP Earphones. The measurement electrodes were placed at Cz 
(central electrode) and over the left (A1) and right (A2) mastoid. Ground electrode is also 
shown. Reprinted with the permission of General Electric, Healthcare, Helsinki, Finland. 
   
In study II, the same EEG Datex – Ohmeda module from study I was used for MLAEP 
monitoring. Continuous BIS recording was started before the induction of anaesthesia 
using a BIS A-2000 XP monitor (Aspect Medical System, Newton, MA, USA). Recording 
was continued until the operation ended. After skin preparation, a BIS electrode was placed 
on the patient’s forehead, and the BIS electrode impendence and signal quality were 
checked automatically so that the impedance was maintained below 3 kΩ. A 15-second 
1 
2 
3 4 
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smoothing window with updates every 2 seconds was used. BIS values were stored on a 
personal computer (Hewlett Packard, USA). In the statistical analysis, we used the BIS 
mean values averaged over exactly the same period when the MLAEPs measurement was 
performed. The MLAEPs were obtained seven times: before induction of anaesthesia, 10 
min after intubation, 30 min after sternotomy, during CPB at the cross-clamping of the 
aorta, during hypothermia, after de-clamping of the aorta, and after the operation. In the 
operating room, two anaesthetists and a research nurse were involved in clinical patient 
care and activities related to the study recordings. One anaesthetist was responsible for 
administering the anaesthetic and for neurophysiologic monitoring and measurements. The 
other anaesthetist was responsible for the cardiopulmonary bypass, and the research nurse 
ensured proper functioning of the microcomputers. BIS and MLAEP data were stored on a 
personal computer for off-line analysis. Heidi Yppärillä, who was blinded to the group 
allocation of patients, performed the MLAEPs data analysis as an off-line validation. 
   In study III, we evaluated the utility of the BIS monitor to measure the depth of the 
propofol coma during the treatment of refractory status epilepticus. We used the same BIS 
settings as in study II; the BIS index and SR were downloaded and stored every 5 seconds 
on computer’s hard disk. For the EEG recordings, we used a full-channel EEG digital device 
called the Grass-Telefactor Twin 2.6. A total of 192 hours of cEEG monitoring were 
recorded and analysed by an experienced clinical neurophysiologist (Esa Mervaala), who 
was blinded to the BIS index data. The EEG was divided into three periods: 1) the start of 
anaesthesia before the burst suppression pattern on the EEG (21 hours), 2) the burst 
suppression period on the EEG (126 hours), and 3) recovering from anaesthesia while 
tapering off propofol (45 hours). In each patient, the mean values of BIS index and SR were 
calculated for every hour during each period and these values were used for the analyses. 
In addition, 120 burst suppression periods of 3-6 minutes each were identified in the raw 
EEG in all patients (12 per patient in a one-hour interval), and the number of bursts per 
minute was measured. Altogether, 1506 bursts were identified and used in the comparison 
of BIS index value and suppression ratio with bursts per minute recorded by the EEG. 
   In the last study, the newest BIS monitor, BIS VISTA™, was used with the BIS Quattro 
sensor, which offered enhanced artefact and EMG filtering. For the entropy monitoring, the 
M-Entropy module of the AS/5 Anaesthesia monitor was used with an entropy sensor 
placed on the forehead just below the BIS sensor (Picture 2).  
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Picture 2. BIS and entropy sensors placed on the patient’s forehead before induction of 
anaesthesia in the operating room. The entropy sensor is placed below the BIS sensor. The 
picture is published with the patient’s permission.  
   The sensor impendence was checked automatically and kept under 7.5 kΏ. The average 
window for SE calculation was set at 15s. The set of data included SE, BIS, RE, BIS-EMG, 
and haemodynamic variables. These variables were all obtained and analysed 1 minute 
before and after the following time points: induction of anaesthesia, intubation, skin 
incision, sternotomy, cannulation of the aorta, cardiopulmonary bypass, cross clamping of 
the aorta, de-clamping of the aorta, and at the end of CPB. They were also gathered at the 
re-warming phase and at 10, 20, 30, and 40 min after. Neuromuscular blockade was tested 
with train-of-four (TOF) stimulation mode. Routine monitoring included the five-channel 
electrocardiogram, radial artery pressure, central venous pressure, capnography, pulse 
oximetry, central and peripheral body temperature, end-tidal carbon dioxide 
concentrations were continuously monitored and recorded during all studies.  
4.4 STATISTICAL ANALYSIS 
In study I, the non-parametric analysis of variance for repeated measures was used to 
detect significant changes in variables over time (Friedman test). If significant changes 
occurred, the data between different measurement points was compared with the Wilcoxon 
signed rank test with Bonferroni correction for multiple testing. The Pearson correlation 
was used to address the association between MLAEP parameters and Ramsay sedation 
score. In study II, the non-parametric analysis of variance for repeated measures was used 
to detect significant changes in variables over time between and within the groups. If 
significant changes occurred, differences between the groups at different time points were 
compared by using the Mann-Whitney U-test. Within the groups, differences between each 
time point were compared by using the Wilcoxon signed rank test with adjustment to the 
Bonferroni correction for multiple comparisons. In study III, data are reported as mean and 
at a 95% confidence interval. The abilities of the BIS index and the suppression ratio to 
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discriminate between the no-burst and burst suppression patterns in the EEG were 
evaluated using receiver operating characteristic (ROC) curves and the respective areas 
under the curve (AUC). Due to concerns that the data may not have been normally 
distributed, the non-parametric Spearman coefficient was used to test the correlation 
between variables, and the Wilcoxon test was used to compare data before and during a 
burst suppression pattern as well as before and during epileptic activity in EEG. In study 
IV, a difference of 10 units between the BIS index and entropy was considered clinically 
significant. Based on the pilot study (5 patients), in order to achieve a power of 90% with an 
α value of 0.05, a sample size of 32 patients was calculated as being appropriate. The 
assumption of data normality was tested using the Kolmogorov-Smirnov test. Normally 
distributed data are reported as mean and standard deviations. A Bland-Altman analysis 
and Pearson correlation coefficient were used to compare the two measurement systems. 
The differences before and after time points were compared using paired T-tests. To find 
the surgical stimulation’s effect on the EEG-parameters, EMG, and haemodynamic 
parameters, the Cohen´s d effect size test was used. A p value of < 0.05 was considered 
significant. All statistical tests were performed using the SPSS statistical software (SPSS 
Inc., Chicago, IL, U.S.A.). 
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5 Results 
5.1 MLAEPS DURING ICU SEDATION 
The data analysis features 110 neurophysiologic AEP measurements from 22 patients. 
During deep sedation, the Nb peak in the MLAEP waveforms was sometimes impossible to 
identify. In only 15 patients all components of MLAEP were identified at all-time points. 
The latency of the Nb component increased significantly from the baseline median of 44 ms 
(range 38-60 ms) to 49 ms (41-64 ms) after premedication. It increased to 63 ms (48-80 ms) 
during deep sedation (Ramsay 6). It also increased in the next day after surgery when 
patients awoke (49 ms [range 37-71 ms]). The Nb latency correlated well (r2 = 0.53; p= 0.01) 
with Ramsay scores after premedication, during deep, and under moderate sedation. The 
amplitude of Na-Pa was decreased at Ramsay 6 as compared to the baseline and light 
sedation (Ramsay 4). Figure 4A shows the baseline MLAEP measurement after auditory 
stimulation in the awake individual, and figure 4B during sedation in the ICU.  
 
 
 
Figure 4A. The baseline (patient awake) MLAEP measurement to an auditory stimulus at the 
left (dashes lines) and at the right ear (continuous line). The measurement electrodes were 
placed at Cz (central electrode) and over the right (M2) and left (M1) mastoid. The identified 
MLAEP-peaks Na, Pa, Nb and Pb peaks are labelled over the MLAEP-curve. The artefact arising 
from the activation of musculus auricularis posterior is labelled as (I). Not published previously. 
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  Figure 4B. The MLAEP measurements at baseline (awake), during moderate sedation 
(continuous line; Ramsay score 4) and during deep sedation (dashes line; Ramsay score 6). The 
patient is the same as in Figure 3A. The auditory stimulus was applied at the right ear (Cz-M2). 
With the deeping of sedation the latencies are increasing and the amplitudes are 
decreasing. Not published previously. 
5.2 MLAEPS VERSUS BIS DURING ANAESTHESIA FOR CARDIAC        
SURGERY 
In study II, 168 MLAEPs measurements were obtained in the 24 patients who were 
randomised to propofol (Group P; n=12) or isoflurane (Group I; n=12) maintained 
anaesthesias. Eight hundred and eleven AEP parameters were detected, and 29 AEP 
waveforms were excluded from the analysis, because we were not able to detect all MLAEP 
peaks during deep anaesthesia. Within the groups, significant changes over time were 
observed in BIS (p< 0.001), in the latencies of the Pa (p< 0.001) and Nb (p< 0.001) 
components, and in the amplitude of the Na-Pa (p< 0.001) components of MLAEP. The BIS 
values were similar in both groups at all-time points. Ten minutes after intubation and 30 
minutes after sternotomy, the Nb latency was significantly increased in group I compared 
to group P. There were no differences between the groups in other measures of MLAEP at 
any time point. BIS increased significantly after intubation and skin incision, but there was 
no difference between the groups regarding the BIS values. No patient reported recall of 
intraoperative events.  
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5.3 BIS MONITORING DURING THE TREATMENT OF STATUS 
EPILEPTICUS IN ICU 
The bispectral index (r2 = 0.9; p< 0.001) and suppression ratio (r2 = 0.88; p< 0.001) correlated 
well with the electroencephalogram burst rate per minute. The sensitivity and specificity of 
bispectral index score 30 for detecting burst suppression in EEG were 99% and 98%, 
respectively. The AUC for the BIS’s ability to detect burst suppression patterns in the EEG 
was 0.99. There was a significant difference in the bispectral index during anaesthesia 
before burst suppression (mean 65; [95% CI 64-66]; p< 0.001) and during the burst 
suppression pattern in electroencephalogram (mean 19; [95% CI 19-20]; p=0.001). The BIS 
value was significantly higher (p = 0.001) during epileptic activity in the EEG (mean 64; CI 
53-74) than the value during the burst suppression pattern. In Figure 5, typical epileptic 
discharges in the EEG are seen in one patient admitted to the ICU before burst suppression 
pattern.  
 
 
 
Figure 5. The raw 12-channel EEG waveforms of one patient with RSE admitted to the ICU for 
propofol anaesthesia. In the 1-min EEG waveforms regional epileptic discharges are shown in 
channels T3-PO3, AF3-C3 ja C3-T3. Not published previously. 
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5.4 BIS VERSUS SPECTRAL ENTROPY DURING ANAESTHESIA FOR 
CARDIAC SURGERY 
 
The data used for Bland-Altman and correlation analysis included 704 paired values of BIS 
and spectral entropy. The mean difference between BIS and SE was significantly different 
from zero, being 2.14 (95% CI 1.59-2.67) with an upper limit of agreement of 16 and a lower 
limit of agreement of -11.8. The mean difference between BIS and RE was 0.02 (95% CI 0.01-
0.06) with an upper limit of agreement of 14.3 and a lower limit of agreement of -14.2. The 
BIS and SE differed by more than 10 units in 16.6 % of measurements, BIS, and RE in 15.4%, 
respectively. The overall correlations during anaesthesia between BIS and SE (r2 = 0.66) and 
BIS and RE (r2 = 0.7) were good. All three EEG parameters, EMG, and blood pressure 
significantly increased after intubation, skin incision, and sternotomy. The effect of surgical 
stimulation on parameters, as measured by Cohen’s d, was highest for RE after skin incision 
(-0.71) and sternotomy (-0.91). Systolic and mean blood pressure increased after surgical 
stimulation. Heart rate did not change significantly at any time point during the study. 
There were no differences in TOF values between patients during the points of 
measurements. The cannulation of the aorta induced changes in all three indices. During 
the re-warming phase of the CPB, all three indices increased 10, 20, 30, and 40 minutes after 
the start of the patient’s re-warming. No patient reported any recall of intraoperative 
events. 
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6 Discussion 
In the present study EEG-based monitoring during general anaesthesia for cardiac surgery 
as well as during ICU sedation and RSE treatment was evaluated.  
6.1 ASSESSMENT OF SEDATION BY MLAEPS AFTER CARDIAC SURGERY 
 
6.1.1 MLAEPs and anaesthesia 
In the first study, the employment of auditory-evoked potentials in the assessment of 
postoperative sedation after cardiac surgery was investigated. The AEPs indicate the CNS’s 
responses to external stimulation (click auditory stimulus derived through headphones), 
whereas the EEG reflects only the resting level of the EEG signal (Thornton 1991). The AEP 
signals accomplish the criterion of monitoring anaesthetic depth: they show graded 
changes with increasing anaesthetic concentration and a pattern that is similar to the 
patterns created by different anaesthetic agents. AEPs also show changes after surgical 
stimulation and indicate awareness (Thornton et al. 1989a). In the present study, the 
MLAEPs were evaluated, because the brainstem auditory evoked potentials show no 
changes under some anaesthetic agents (Thornton 1991). The study was strictly 
neurophysiological, using full-range EEG monitoring and AEP analyses performed by a 
neurophysiologist. A pattern of graded changes in the MLAEPs with increases in the 
latencies of Na, Pa, and Nb components and a decrease in the amplitude of Na-Pa during 
deepening levels of sedation were observed.  
   The results supported that changes in the AEP amplitudes and latencies are dependent on 
the level of sedation and are parallel with changes during general anaesthesia. Similar 
changes were reported during anaesthesia with four different anaesthetics: halothane, 
enflurane (Thornton et al. 1984), isoflurane (Heneghan et al. 1987), and propofol (Thornton 
et al. 1989b, Iselin–Chaves et al. 2000). An opposite change was found with lightening of 
sedation and after regaining consciousness (Thornton 1991 and 1993). Na-Pa amplitude and 
Nb latency indicate cortical arousal in ICU patients during nursing care and physiotherapy 
(Rundshagen et al. 2000). In the present study only Na-Pa amplitude was able to 
distinguish between deep (Ramsay 6) and moderate (Ramsay 4) levels of sedation. On the 
first day after surgery, the latencies of the Pa and Nb waves stayed over their baseline 
measurements, even when the patients were awake. This might have been due to analgesic 
drugs used in the postoperative period and due to trace amounts of the anaesthetics and 
sedatives used for surgery. Because this increase in the latencies in the postoperative period 
has not been reported in non-cardiac surgery patients, squeal of CPB and brain oedema 
(Harris et al. 1993)) after CPB have to be taken into account.  
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6.1.2 MLAEPs and Ramsay score 
    The Ramsay sedation score was used to assess the level of sedation, and a good 
correlation (r2 = 0.53) was found between the score and Nb latency after premedication 
(Ramsay 2) and moderate and deep sedation (Ramsay 4 and 6, respectively). Schulte-
Tamburen et al. (1999) compared five subjective sedation scoring systems with the Nb 
latency during long-term sedation in ICU patients. While all scores correlated fairly well 
with Nb latency (r2=0.6-0.7), the performance was best with the Ramsay score, which 
parallels the findings in this study.  
 
6.1.3 MLAEPs  after premedication 
    Benzodiazepine premedication increased the Nb latency significantly in our study. The 
effects of benzodiazepines on MLAEP have been studied in only a couple of trials. 
Schwender et al. (1993) examined the effects of intravenous induction of general 
anaesthesia with midazolam, diazepam, and flunitrazepam on MLAEP in patients 
scheduled for minor gynaecological procedures. In this study the MLAEPs did not change 
markedly in amplitudes or latencies during induction of general anaesthesia with 
benzodiazepines. Only the patient’s LOC with administration of midazolam was associated 
with an increase in mean Nb latency. The effect of bolus dose of midazolam on the AEPs 
was studied in the 9 patients (Brunner et al. 1999). Mean Nb latency in awake patients was 
44.3 ms and when the eyelash reflex was lost, Nb latency was 55.7 ms (p< 0.001). Brunner et 
al. (2002) also studied the effect of midazolam (given before anaesthesia) on the amount of 
propofol needed to achieve LOC. The auditory evoked responses were compared in these 
patients with those in a group of control patients who were not given midazolam. 
Following LOC, Na-Pa amplitude decreased by 60% in the control group and by 54% in the 
midazolam group, whereas Nb latency increased by 24% in the control group and by 32% 
in the midazolam group. These differences were not statistically significant. In spite of the 
automatic AEP analysis techniques employed in the AEP monitors, the use of AEP 
monitoring during sedation and anaesthesia has yet to become popular and is not routinely 
used in clinical practice as of January 2013. The obstacles to its popularity are flattening of 
the waveforms during deep anaesthesia and sedation and thereby preventing the detection 
of all the MLAEP peaks, which makes the interpretation of data difficult. Otherwise, the 
AEPs are still a promising method of measuring external input impact on the EEG during 
anaesthesia and sedation, for which reason they are under active scientific research 
(Jindestål et al. 2011).  
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6.2 MLAEPS IN BISPECTRAL INDEX-GUIDED ANAESTHESIA DURING 
CARDIAC SURGERY 
In the second study, the differences in the level of anaesthesia during cardiac surgery, as 
measured by AEP and BIS under two anaesthesia regimes, volatile-based and TIVA-based, 
were assessed. When BIS indicated a similar level of hypnosis with both anaesthesia 
techniques, there was a difference in both Nb and Pa latency of MLAEP during the pre-
bypass period in the cardiac surgery patients. One explanation of our results is that 
propofol anaesthesia caused less suppression of the Nb and Pa latencies of MLAEP than 
isoflurane anaesthesia. Liu et al. (2005), who utilised somatosensory-evoked potentials 
(SSEP) (which cannot be used in the monitoring of anaesthesia depth), results are in parallel 
with the findings of the present study. In their study of SSEP during anaesthesia with 
propofol and isoflurane (which they monitored with BIS as in present study), the changes 
in the SSEP latency were similar to those observed in AEPs in the present trial. At an 
equivalent depth of hypnosis as indicated by BIS (BIS level 40-50), isoflurane caused a 
greater decrease than propofol in the amplitude of the SSEP, and the former also caused a 
greater increase in the latency of the SSEP. 
   It is not known whether the differences in the Nb and Pa latencies between the groups are 
indicative of a difference in the state of anaesthesia during the early phases of the CABG 
procedure. Propofol with alfentanil and isoflurane with alfenatnil were compared. A 
number of previous studies (Iselin-Chaves et al. 1998, Glass et al. 1997) have revealed a 
good correlation between BIS and the level of sedation with propofol. The use of alfentanil 
in addition to propofol did not influence the sedation produced by propofol alone (Iselin-
Chaves et al. 2000, Glass et al. 1997). A dynamic relationship between the end-tidal 
isoflurane concentration and BIS has been described (Olofsen and Dahan 1999). The 
interaction between opioids and propofol in reducing the Cp50 (the plasma concentration 
that will prevent a response in 50% of patients for a given stimulus) of propofol and the 
interaction between opioids and isoflurane in reducing minimum alveolar concentration 
has been studied (Glass 1995) and is very similar for both propofol and isoflurane and the 
opioids. Therefore an interaction between alfentanil and propofol or alfentanil and 
isoflurane may not be the explanation for observations in the present study.  
 
6.2.1 MLAEPs and BIS after noxious stimulation  
The first differences in the AEP values between the groups were noticed after induction of 
anaesthesia and endotracheal intubation. Shinner et al. (1999) studied the effect of bolus 
doses of alfentanil on AEP and the effect of response to intubation on AEPs. The Pa 
amplitude increased after intubation in the group that did not receive an alfentanil bolus 
before intubation. This result suggests that the effect of an antinociceptive drug on AEP 
could be reversed with intubation. In the present study, BIS increased significantly for a 
short period after intubation, but there were no significant differences in BIS between the 
groups. BIS was below 60 while MLAEP measurements were taken. However, the changes 
caused by intubation persisted in MLAEP and actually overlapped the baseline values with 
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a wide inter-individual variability. As indicated with BIS, there was a constant and similar 
level of hypnosis in both groups, and no BIS values overlapped with pre-induction values 
at any time. This may imply that MLAEPs seem to indicate other components of 
anaesthesia, rather than only the state of hypnosis after induction of anaesthesia.  
   An explanation for why the Nb latency decreased at 10 minutes after intubation in the 
propofol group may be that lightening in the level of anaesthesia occurred in some patients 
due to stimulation after intubation in spite of the constant level of hypnosis that was 
indicated by BIS. The MLAEP may have still been reflecting that fact when recordings were 
taken. That not all patients responded to intubation is reflected in the wide variation in Nb 
latency at this stage. The ability of the AEP to discriminate the response to a noxious 
stimulus between the groups is explained by the fact that it reflects not only cortical, but 
also sub-cortical brain activities. Increase in heart rate in the propofol group after intubation 
may also indicate stress response to the noxious stimulus.  
   The second measurement, in which we found differences in both Nb and Pa latencies 
between the groups, was performed after surgical stimulation (sternotomy). BIS increased 
after sternotomy in both groups but was below 60 during the MLAEP measurements. 
Thornton and colleagues (1988) showed that the effect of anaesthesia on AEP could be 
reversed by pain stimuli. In addition, De Beer et al. (1996b) reported that after sternotomy, 
Na and Nb amplitudes were higher in responsive patients and concluded that AEP is more 
sensitive than the spectral features of the EEG to pain stimuli.  
   The results of present study seem to be in line with those of the study by Bonhomme et al. 
(2006a), where during a constant level of hypnosis (as monitored by BIS), AEP responses to 
surgical stimulation were significantly different according to the analgesic regime. When 
the BIS was constant at a level of 50, they observed an increase in the A-line AAI index after 
surgical stimulation in the patient group that received only normal saline via the epidural 
catheter as compared to the group that received ropivacaine. The AAI index is based on 
parameters derived from MLAEP and is a linear mapping of the MLAEP amplitudes and 
latencies. Bonhomme et al. concluded that the combined use of two different 
electrophysiological monitors (AEP and BIS) provided information about the anti-
nociceptive component of anaesthesia.  
 
6.2.2 TIVA versus volatile anaesthesia 
When interpreting results of the present study, it is crucial to note that BIS and AEPs 
measure different aspects of brain activity. The AEPs measure the output of the CNS to a 
controlled input, and thus AEP and BIS may contain complementary information. Because 
BIS only measures cortical function, it is only able to monitor the sedative or hypnotic state, 
whereas the AEP provides information about the function of the brainstem as well as sub-
cortical and cortical components, making AEP better at tracking the overall anaesthetic 
state, including anti-nociception/nociception and probability of response to pain 
(Bonhomme et al. 2006a). BIS values are indicators of hypnotic effects and are poor 
indicators of responsitivity to noxious stimuli (Mi et al. 1998). 
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   Positron emission tomography (PET) has also been used in studies on the effect of 
anaesthesia. Studies with PET have shown differences in regional brain activity between 
propofol and volatile anaesthetics (Kaisti et al. 2002, Jeong et al. 2006). Considering that 
propofol and isoflurane have different regional effects on the brain and that BIS and 
MLAEPs measure different aspects of brain activity, it was not surprising that we found 
different responses in the indices between the two anaesthesia methods. In the excellent 
study by Långsjö et al. (2012) the arousal-induced brain activations after propofol and 
dexmedetomidine anaesthesia was visualised with PET. Emergence of consciousness, 
assessed by the motor response to a spoken command, was associated with activation of 
deep brain structures involving subcortical and limbic regions functionally connected with 
parts of frontal and inferior parietal cortices.  The emergency of propofol anaesthesia, 
which was also used in our study, showed even less neocortical activation compared with 
dexmedetomidine results. The BIS monitor, which is based on EEG measurement, provides 
information only on brain cortical function, whereas the AEP measure the output of the 
EEG to the stimulation and thus information from deeper parts of the brain (brainstem and 
subcortical components). According the results of Långsjö’s study the deep, 
phylogenetically old brain structures, are involved during arousal, which can be better 
traced by AEP measurements than BIS.    
   The Nb latency of MLAEP was different between the groups before CPB, but not during 
or after CPB. One explanation for this finding could be that a more stable state of 
anaesthesia had been achieved. Alternative explanations are that many confounding 
factors, such as extracorporeal circulation, hypothermia, and altered cerebral blood flow, 
may interfere with the action of anaesthetics during CPB. 
   In the present study, the neurophysiological parameters (i.e., the AEP and BIS) were 
obtained by using a separate electrode system for each. The system used for measuring the 
amplitudes and latencies of the AEP utilised methodology similar to that used also by 
many (Shinner et al. 1999, Iselin-Chaves et al. 2000), whereas others have used different, 
more novel methodology, such as the AAI index or the auditory evoked potential index 
(Doi et al. 1997b, Struys et al. 2002). The AEP/2 monitor, which is available on the market, 
uses the AAI index. The AAI index combines information from two different sources: 
MLAEPs and EEG. Active measurement is based on MLAEP and passive measurement 
during deep anaesthesia is based on spontaneous EEG.  
   The present study was designed as a neurophysiologic study, with particular interest in 
AEP waveforms instead of one index number based on a mixed value of all the components 
of AEP or a combined index obtained from AEP and spontaneous EEG. The results of this 
study also supported the hypothesis that haemodynamic parameters like blood pressure 
and heart rate do not correlate with arousal or the patients’ consciousness level. There were 
no differences between groups in heart rate and blood pressure at any measurement time 
point, probably due to the presence of β-blockers and antihypertensive drugs in all study 
patients. According to results of present study, the parallel use of different anaesthesia 
monitors can provide better information of the global level of anaesthesia, including the 
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analgesic component. Our results also supported the proposition that volatile anaesthetic 
affects the CNS in different ways than intravenous propofol (Campagna et al. 2003).  
6.3 BISPECTRAL INDEX MONITORING DURING THE TREATMENT OF 
STATUS EPILEPTICUS  
 
The third study investigated the use of BIS in the treatment of refractory status epilepticus 
under propofol anaesthesia. The main finding of this study was that BIS monitoring can be 
used to guide the depth of anaesthesia in the treatment of RSE in times when cEEG 
monitoring is not available, such as during “out-of-office” hours and weekends. The values 
of BIS and BIS-suppression ratio (SR) correlated extremely well with the burst rate per 
minute as monitored by cEEG. The results demonstrate that a BIS index value of less than 
30 corresponds to a burst suppression pattern in the EEG with a sensitivity of 99% and a 
specificity of 98%. If the BIS index is between 0 and 30, the number of bursts per minute in 
the EEG is between 0 and 10. There is no consensus in the literature regarding the 
appropriate number of bursts per minute when aiming at burst suppression in the 
treatment of RSE (Krishnamurthy and Drislane 1999), but usually the target is 3-5 bursts 
per minute (Riker et al. 2003, Cottenceau et al. 2008), which corresponds to a BIS number of 
around 15. Even though BIS monitoring can be used to guide the depth of anaesthesia, EEG 
monitoring will remain the primary method for monitoring treatment response, and it is 
absolutely essential in the definitive diagnosis of subtle status epilepticus, non-convulsive 
status epilepticus, and after monitoring with BIS index in cases where there is no full and 
rapid recovery. 
6.3.1 BIS and burst suppression in the EEG   
 Riker at al. (2003) compared cEEG with the BIS monitor in the treatment of elevated 
intracranial pressure with pentobarbital infusion. A burst suppression pattern of 3-5 
bursts/minute in EEG corresponded to a mean BIS index of 15 and a SR of 71%. They 
concluded that the BIS index and SR values correlated well with the number of 
bursts/minute on the raw EEG. The mean BIS index was 18 when there was a burst 
suppression pattern with a SR of 56%. In the present study, five bursts/minute 
corresponded to a mean BIS index of 15 and a suppression ratio of 61% (95% CI 60-63), and 
the mean BIS index was 19 during a burst suppression pattern with the mean SR value 
being 54%. The results of present study bear similarities with those by Riker, suggesting 
that monitoring the depth of anaesthesia during a burst suppression pattern in EEG with 
the BIS index are independent of which intravenous anaesthetic is being used (thiopental 
versus propofol). 
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   Tobias (2008) evaluated the association of the bispectral index and SR with a burst 
suppression pattern in the EEG of patients with elevated intracranial pressure treated with 
pentobarbital coma. He demonstrated that a BIS index between 10 and 20 corresponded to 
3-5 bursts/min in the EEG with a sensitivity of 96% and specificity of 92%. The sensitivity 
and specificity of SR in the range 65% to 85% were 89% and 88%, respectively. In addition, 
Cottenceau et al. (2008) demonstrated that a BIS index in the range between 6 and 15 
predicted a burst rate of 2-5/min in EEG in brain injury patients with intracranial 
hypertension undergoing barbiturate coma. 
   One case report (Jaggi et al. 2003) described a patient with generalised status epilepticus 
treated with a barbiturate-induced coma and monitored with BIS and cEEG. A good 
correlation between the BIS index and the SR with bursts/min in EEG was noted. The mean 
hourly BIS was seven (95% CI 4-10) with a SR value of 85% (95% CI 78-92) when bursts 
were less than 5/min. BIS and SR correlated linearly when BIS values were in the range 
between 0-30, which is in agreement with our findings. It appears that the BIS becomes 
totally controlled by SR when the SR increases above a critical threshold of 50%. In healthy 
volunteers, SR values over 40% have been shown to correlate linearly with BIS index values 
between 0 and 30 during propofol infusion (Bruhn et al. 2000).  
   In the study evaluating the usefulness of the BIS monitor to detect BS during barbiturate-
induced coma in children, the average correlation (r2=0.5) between the BS of the BIS and 
suppression ratio of EEG was only moderate (Prins at al. 2007). However, when the BIS-
EEG traces were visually inspected, it was found that they did correspond rather well with 
real time EEG in all patients.  
 
6.3.2 BIS and epileptiform activity in the EEG   
 A study on the effect of sevoflurane anaesthesia on regional blood flow in the brain 
reported two cases of EEG verified epileptiform activity (Kaisti et al. 1999). During deep 
sevoflurane anaesthesia, the EEG displayed a burst suppression pattern, and the BIS 
decreased to zero. Subsequently, the EEG recording revealed a rhythmic epileptiform 
discharge that was fully compatible with the clinical seizure type (partial motor seizure). 
During the epileptiform discharges, the BIS value increased markedly from zero to 44 in 
one patient and up to 73 in another patient. In the case report by Guerrero et al. (2008), a 
patient with epilepsy received vagal neurostimulation under general anaesthesia. The EEG 
on the BIS monitor screen abruptly changed from low-frequency waves to high-voltage, 
high-frequency waves, suggestive of epileptic activity, which was followed by increase in 
the values of the BIS index.  
   In present study, when the patient experienced epileptiform activity during burst 
suppression in the EEG, the value of the BIS increased from under 30 to a mean of 64 (95% 
CI 53-74). This phenomenon can reflect sudden transitions between low amplitude and 
slow, negative-wave EEG activity, which are typical of propofol-induced burst suppression 
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and abnormal epileptiform EEG (slow 1.5-2.5 Hz high-voltage spike-and-wave complex). 
During sevoflurane anaesthesia, Särkelä et al. (2007) have reported that significantly higher 
BIS values during epileptic discharges were recorded (median 57; interquartile range 46-69) 
compared with the BIS values during burst suppression pattern in EEG (median 25; 
interquartile range 7-45). 
   In one of patients in the present study, the bursts observed during a suppression EEG 
pattern were epileptic with spikes. The BIS algorithm has been developed in healthy 
volunteers and cannot necessarily be extrapolated to situations with different pathological 
conditions. The BIS monitor also includes the real time raw EEG waveforms, but 
distinguishing between epileptic and normal bursts on the small EEG screen is difficult. It 
was not the objective of our study to trace the bursts suppression on the BIS monitor EEG 
screen but probably is not a problem to see BS pattern on the screen.  For the epileptic 
spikes we calculated the BIS/SR ratio, for example for  3 bursts/minute. The BIS/SR ratio 
was higher in the patient with epileptic bursts (0.52) compared to that patient’s periods 
with a non-epileptic burst (0.08). What can be the reason for this? During deep anaesthesia, 
episodes of suppression alternate with high frequency, high amplitude electrical activity 
(bursts). Epileptic bursts usually have higher frequencies and amplitudes, which may 
account for the higher BIS values and lower SR values than during non-epileptic burst 
suppression. High frequency bursts increase the high frequency components of EEG 
similarly to the effects seen during light anaesthesia (Bruhn et al. 2000). Clinicians require 
the services of a neurophysiologist to undertake the diagnosis of these epileptic bursts from 
the full-channel EEG. In addition, in two patients in the present study, a burst suppression 
EEG pattern was observed, but a regional epileptic discharge was seen in the full-channel 
EEG. BIS monitoring records frontal brain structures and does not necessarily react to the 
changes in other parts of the brain (Hamada et al. 2008). Therefore further EEG analyses are 
necessary in RSE.  
 
6.4 COMPARISON OF BIS VISTA™ AND ENTROPY MONITORING DURING 
CARDIAC SURGERY  
 
Bispectral index and spectral entropy are the two methods for monitoring the depth of 
anaesthesia during cardiac surgery. In fourth study of this dissertation, the agreement 
between those two methods was poor. Agreement was considered to be good if the values 
were in the range between 10 units above and below the mean difference (Bonhomme and 
Hans 2007). In the current study, a disagreement between BIS and SE of more than 10 units 
was observed in 16.6% of the measurements, with an upper limit of agreement of 16 and a 
lower limit of agreement of -11. The disagreement between BIS and RE of more than 10 
units was observed in 15.4% of the measurements. We consider this degree of agreement to 
be unsatisfactory. It is clear that these two monitors of the depth of anaesthesia record 
different levels of hypnosis in the same patient. 
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6.4.1 Correlation and agreement  
 The results of current study are in parallel with (2006b) study by Bonhomme et al. (2006b 
which found a good global correlation between BIS and SE (0.87), but a poor agreement 
during propofol anaesthesia, with differences of more than 20 units. Also, in a study with 
sufentanil-sevoflurane–nitrous oxide anaesthesia (Leffol-Masson et al. 2007), the Bland–
Altman analysis revealed a bias of -2 between BIS and SE with a limit of agreement in the 
range between -18 and 9. On the other hand, in the study by Iannuzzi et al. (2005), the 
Bland-Altman analysis between BIS and SE revealed a good comparability between the two 
indices with a mean difference of only 0.1. In that study, BIS and SE differed by more than 
20% in only 4.3% of over 140 measurements as compared to 704 in the current study. 
However, agreement between BIS and SE was good in their awake patients and in their 
paralysed patients, though during the other conditions, differences of more than 20 units 
were observed, which is in agreement with findings of the present study. The agreement 
between BIS and SE was moderate in 102 patients receiving propofol-sufentanil anaesthesia 
and was affected by patients age (Aime et al. 2012).  
   In patients undergoing CPB (Maybohm et al. 2010), a good agreement between BIS and 
state entropy was observed during normothermic conditions but not under hypothermic 
conditions. The decrease in SE and RE was more pronounced than the corresponding 
decline in BIS index values during the cooling phase of CPB. In present study, remarkably 
higher correlations between BIS and entropy parameters and better agreement between BIS 
and SE were observed under hypothermic conditions compared with the findings of 
Maybohm. There are some differences between studies that can explain the results. First, 
milder hypothermia (33-35°C) was used in the present study than in that by Maybohm et al. 
(31-34°C); in their study, the difference between BIS and entropy parameters was largest 
during the lowest temperature. Second, there were more patients and more paired values 
that were analysed in the present study,  than in the study by Maybohm et al. which may 
affect results. In addition, the decreased bias between BIS and SE during CPB with mild 
hypothermia compared to normothermia before CPB may be due to more stable 
anaesthesia without major surgical stimulation. Moreover, the BIS monitors used were 
different from those used by Maybohm et al. (VISTA™ vs. BIS XP™, respectively).  
   The explanation of these discrepancies may lie in the differences in the algorithms used in 
BIS and entropy monitors or in the time delay in the index calculation. Vakkuri et al. (2004) 
reported that entropy parameters and BIS show no linear correlation outside the BIS range 
40-60, which parallels findings in the present study. The entropy monitor uses the same 
algorithm to calculate the indices throughout all phases of general anaesthesia, but the BIS 
algorithm is calculated from the BetaRatio algorithm in light sedation, from SyncFastFlow 
(bispectral component) during a surgical level of anaesthesia (BIS 40-60), and from the 
Burst Suppression Ratio/Quazi-algorithm (BIS under 40; Rampil 1998a). The entropy index 
is based on physical principals. Entropy is independent of the frequency and amplitude 
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scales of EEG, which are patient dependent. Entropy reflects the irregularities in the EEG 
signal. In the entropy monitor, the SE index data was obtained from a 15-second EEG 
window. The BIS EEG length of the smoothing window was also 15s (Freye and Levy 2005, 
Vakkuri et al. 2004). The data was averaged over one minute, which should attenuate the 
effect of time delay on agreement (Bonhomme et al. 2006b), and thus the time delay of 
index calculation does not account for findings in this study.  
6.4.2 EMG activity, BIS and RE  
In the present study, the relationship between BIS and RE was even better than between BIS 
and SE. This may be because there is an effect of EMG activity on calculations of the BIS, 
even in the BIS VISTA™ monitor, which should eliminate artefacts from EMG activity. In 
Feld’s study (2006), the RE activation during anaesthesia was associated with an increase in 
BIS and EMG activity in the BIS monitor. The values of RE and BIS were highly correlated 
during the entire anaesthesia, in agreement with results in the current study. A strong 
correlation between BIS and frontal EMG was found in a study comparing BIS and spectral 
entropy during CABG surgery (Baulig et al. 2009). The limits of agreement between BIS and 
RE were also poor (+20.5/-24.1) in this study.  
   When the patient was conscious, there were differences between BIS and SE, but not 
between BIS and RE because of the different scale that SE uses. The BIS index scale is 0-100 
and SE is 0-91, because SE measures the lower frequency of the EEG signal (32 Hz), 
whereas the RE utilises the lower frequency of the EEG plus higher frequency signal from 
the EMG, leading up to 47 Hz. Therefore, RE’s scale is the same as BIS (0-100). SE and RE 
declined more rapidly after induction of anaesthesia than did BIS. In this light state of 
anaesthesia, the characteristic increase in the β EEG activity (13-30 Hz) would be suggestive 
of arousal being detected by the monitoring. In the BIS algorithm, a β activity sub-variable 
“β ratio” is included, but the Entropy module does not have such a variable for high β 
activity. Spectral entropy monotonically declines with increasing anaesthetic drug 
concentration, and during induction of anaesthesia, it will decrease more rapidly than BIS 
(Vakkuri et al. 2004). Baulig et al. (2009) and Venluchene et al. (2004) noticed that RE and SE 
tended to be lower than BIS during general anaesthesia.  
6.4.3 RE and noxious stimulation 
 In our study, RE was the best predictor of noxious stimulation compared to other EEG 
parameters, EMG, and haemodynamic variables. In a previous report (Wheeler et al. 2005), 
RE increased after pain stimulation, indicating arousal even in paralysed patients. The RE 
calculation of the Entropy module suggested a more rapid rise of the RE because of the 
EMG frequencies that update more rapidly than the SE (2 s versus 15 s, respectively). This 
outcome indicates that RE is an early indicator of frontal EMG activity caused by 
stimulation. It also suggests that frontal muscles may be more resistant to paralysis than the 
hand muscle where TOF is measured, because there were no differences between patients 
in TOF in the present study. 
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6.4.4 Entropy and muscle relaxation 
Many studies suggest that muscle relaxation may confound entropy monitoring. In the 
study of Hans et al. (2006), a dose of rocuronium before laryngoscopy altered the RE and 
RE-SE gradient. In those patients who did not receive rocuronium, RE and RE-SE increased 
more markedly than in patients who received rocuronium after noxious stimulation. 
Takamatsu et al. (2006) described an increase in the RE-SE difference after noxious 
stimulation in patients undergoing gynaecological surgery. The RE-SE difference is an 
indicator for EMG activation during arousal, and RE becomes equal to SE when the EMG 
power (sum of spectral power between 32Hz and 47 Hz) is equal to zero (Viertiö-Oja et al. 
2004). In the present study, the RE and RE-SE response to surgical stimulation persisted 
even at a surgical level of muscle relaxation, and the RE and SE-RE values were 
significantly higher after skin incision and sternotomy. This suggests that the RE reflects 
nociception in response to painful stimulation even in a paralysed patient, so it is useful for 
identifying inadequate analgesia.  
   The increase in RE in the present study was followed by a rapid increase in SE. The 
Cohen’s d effect size for the RE-SE difference was only moderate, probably caused by 
immediate rise in SE. In the study of Aho et al. (2009), the increase in the RE after 
nociceptive stimulation was followed by increased SE in patients not receiving 
neuromuscular blockers. These increases were associated with the appearance of EMG in 
the EEG raw signal. The recovery from succinylcholine paralysis increased RE and EMG 
but not the SE values (Baughman et al. 2005). Their findings and those of our study suggest 
the increase in the difference between RE and SE is not a good indicator of nociception.         
   Blood pressure and heart rate were poor indicators of painful stimulation; the heart rate 
did not significantly rise at any measurement time point. This result is probably attributable 
to the use of β-blockers in all patients. Intubation evoked an increase in all three indices, but 
BIS was more affected than SE and RE. BIS proved to be a good predictor of arousal after 
intubation stimulation, but BIS was found to be a poor indicator of nociception, as indicated 
by increased systolic blood pressure (Driessen et al. 1999). 
      This is the first study to reveal that aortic cannulation induced a decrease in the EEG-
based hypnosis indices, such as BIS and spectral entropy. The manipulation of the aorta 
evokes a reduction in blood pressure, leading to reduced cerebral blood flow. EEG changes 
may occur in this phase of cardiac surgery, with progressive EEG slowing and resulting in 
a decline in the EEG-based indices without any changes in the level of hypnosis. A gradual 
increase in all three indices during the re-warming phase of CPB from moderate 
hypothermia back to 37°C was also observed. The increases in BIS, SE, and RE probably 
reflect the increase in the brain metabolic rate and propofol requirement during the re-
warming phase and the loss of the CNS depressant effect that is caused by hypothermia. 
Maybohm et al. (2010) noticed an increase in the BIS and entropy indices during the re-
warming phase of CPB despite an unchanged anaesthesia regimen.  
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6.5 LIMITATIONS OF THE STUDY 
The present study has several limitations. In study I, neuropsychological evaluations of the 
patients were not performed before or after cardiac surgery to assess whether the observed 
changes in the MLAEPs after operation have clinical implications. Moreover, the propofol 
blood concentration during the different measurements was not assessed, nor the 
correlation of propofol concentration with the changes in the MLAEP parameters. 
   In study II, the BIS test variable was used as a clinical endpoint to achieve a standardised 
depth of anaesthesia. Ideally, it should not differ between the groups at any time point. 
This appears to result in an unintentional bias against AEP. A third variable as a control 
parameter could have been used to standardise the anaesthetic depth. However, it is of note 
that there is no generally accepted and validated gold standard to monitor all the 
components of anaesthesia for the type of patient group studied. There is also a lack of 
information about the plasma propofol concentrations in our patients at the time when we 
performed the AEP and BIS recordings. There is no data regarding MLAEPs immediately 
before or immediately after intubation or commencement of surgery. The MLAEP 
measurement after skin incision and sternotomy is difficult to obtain because of the liberal 
use of diathermy at that stage of surgery. Use of diathermy interferes with the recordings of 
AEPs and also BIS. 
   BIS monitoring has several limitations, especially regarding the monitoring of status 
epilepticus patients. General muscle activity or rigidity as well as head or body motion may 
cause artefacts during BIS monitoring. Artefacts and poor signal quality may be sources of 
unreliable BIS values. However, the signal quality was excellent during the BIS monitoring 
in our study. For about 75% per cent of the monitoring time, the mean SQI was above 80 
(63-100), and during deep anaesthesia with burst suppression, the value was 80-100. If BIS 
values suddenly increase during treatment, we cannot be sure if this increase is due to 
lightening of anaesthesia or due to the presence of on-going epileptic activity in the EEG. 
Thus, cEEG is needed to diagnose possible epileptic activity, as proposed by Chamorro et 
al. (2008). During burst suppression, bursts may be epileptic and cannot necessarily be 
diagnosed solely by BIS monitoring. In one of our patients, the bursts observed during a 
suppression EEG pattern were epileptic with spikes. In addition, two other patients 
exhibited a burst suppression EEG pattern, but local epileptic discharge was seen in the 
full-channel EEG. Therefore, further EEG analyses are necessary to refine RSE. The sample 
of present study is small, but the results are unambiguous and clear.    
    When comparing two different measurement methods in the study IV, they should 
ideally use the same units. Unfortunately, there are no exact details of how the BIS 
algorithm is calculated, since the algorithm is not freely available. In this study plasma 
concentrations of propofol at different time points were not measured. 
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6.6 GENERAL CONCLUSIONS 
In spite of the rapid development in neuromonitoring in this field, there is still no gold 
standard for monitoring the depth of anaesthesia, and especially sedation during ICU 
treatment. There are many different monitors of anaesthetic hypnosis components available 
commercially, but only the bispectral index and spectral entropy are well evaluated and 
investigated. Spectral entropy is also a very promising monitoring technique, and it offers 
the possibility to monitor the analgesic component of anaesthesia assessment through 
response entropy. The anaesthetists who assess the depth of hypnosis should analyse 
information not only from EEG-based monitors but also from haemodynamic signs like 
blood pressure and pulse frequency. The level of muscular block should be taken into 
account. Many studies have shown that the level of muscular block can interfere with the 
values of EEG-based monitoring (Hans et al. 2006, Aho et al. 2011).  
   The neuronal mechanism of human consciousness formulation in the brain is not well 
known in spite of active research. The findings of the Långsjö et al. (2012) study were the 
first to reveal that not only cortical brain structures are involved in the human 
consciousness and arousal, but also deep subcortical structures. Maybe this is a reason why 
BIS monitoring, based on the cortex EEG, failed in the prevention of awareness during 
anaesthesia (Avidan et al. 2011). According to the new study (Långsjö et al. 2012) on the 
neuronal mechanism of human consciousness and arousal during the anaesthesia, we need 
new research in this field. 
   The anaesthesiologist has new tools based on EEG-based monitoring to measure the 
hypnotic level of anaesthesia and to improve the patient care, recovery, and outcome by 
keeping the anaesthesia stable, avoiding excessively deep levels of hypnosis, and reducing 
the incidence of perioperative awareness. In spite of ambivalences, the results of some 
studies (Avidan et al. 2008 and 2011) as well as the existing literature as a whole suggest 
that the level of hypnosis during general anaesthesia at least in patients with a high risk of 
awareness should be guided by EEG-based monitoring (Apfelbaum et al. 2006)). EEG-based 
monitoring also helps clinicians to understand better the effect of anaesthetic action on 
humans and the relationship between different aspects of anaesthesia (hypnosis, 
antinociception, and immobility). Future large trials are necessary to evaluate information 
from different monitors during different levels of hypnosis.  
   There is still no good monitor for ICU sedation, for a light state of sedation with a tranquil 
patient (and co-operative patient, if the procedure requires the patient’s involvement). 
Available anaesthesia monitors have not been shown to be useful during ICU sedation 
because of the artefacts from the EMG during the analysis of the EEG signal. On the other 
hand, the BIS monitor was successfully used in the present study, during deep propofol-
induced anaesthesia in the RSE treatment in the ICU. The development and research of new 
monitors only for sedation monitoring, or with improved performance during the sedation 
monitoring, is required. 
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7 Conclusions 
 
1. The latencies and the amplitudes of the MLAEPs are suitable to be used for objective 
monitoring of short-term sedation after CABG surgery.  
2. Parallel use of two EEG-based monitoring methods, BIS and AEPs, can show 
differences in the components of anaesthesia between various anaesthesia regimes in 
cardiac surgical patients.  
3. Continuous EEG can be considered as the primary monitoring technique in the 
assessment of the depth and effect of anaesthesia in the treatment of RSE. If cEEG is 
not available, a BIS monitor can be used to guide the level of anaesthesia in the 
treatment of RSE with propofol.  
4. Agreement was poor between the BIS index and SE values measured by Bland-
Altman analysis at critical anaesthesia time points in patients who were undergoing 
cardiac surgery. RE was a good predictor of arousal after surgical stimulation 
regardless of the surgical level of muscle relaxation. Index differences most likely 
resulted from different algorithms for calculating consciousness levels.  
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Patients
The use of anaesthetic agents 
during general anaesthesia 
and sedation in the intensive 
care unit induce changes in 
patient’s electroencephalographic 
(EEG) waveforms of the brain 
cortex.  The utility of EEG-based 
neuromonitoring during general 
anaesthesia for patients undergoing 
cardiac surgery and postoperative 
sedation and during the treatment 
of status epilepticus in the intensive 
care unit was evaluated in this 
study. The dissertation provides new 
information about the differences 
between EEG-based monitoring 
techniques and their feasibility to 
assess hypnosis  in cardiac surgery 
and in intensive care settings.  
 
 
